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SUMMARY 
Estuaries are intrinsically complex and dynamic ecosystems that display marked spatial 
and temporal variability. Because estuaries are situated at the receiving end of 
catchment activities, they are at particular risk of alterations to their natural complexity. 
The overarching objective of this study was to gain an overview of the abiotic conditions 
and biotic response of the Goukamma Estuary, a small temporarily open/closed estuary 
(TOCE) which is situated in a relatively undisturbed catchment in the Southern Cape. 
Physico-chemical properties drive estuarine ecology, and together with biological 
indicators, are commonly assessed to determine the present status of an estuary. 
During the study, physico-chemical parameters reflected great spatial and temporal 
variability in response to the mouth state over a 13 month period. Parameters ranged 
within expected limits, as proposed by the conceptual model for water quality of TOCE’s 
(Snow and Taljaard 2007). Of particular importance was the prominent occurrence of 
salinity stratification and hypoxic conditions (dissolved oxygen [DO] < 3 mg l-1) during 
both open and closed mouth states. Data indicated that in the wide and shallow lower 
reaches, weak stratification gradients were present and oxygenated conditions (DO > 6 
mg l-1) were maintained throughout the water column mainly by wind and tidal action. 
However, stratification increased towards the deeper, channel-like middle and upper 
reaches of the estuary, followed by a significant reduction in bottom DO concentrations 
and development of hypoxia and anoxia. Bottom water hypoxia commonly occurs in 
microtidal estuaries due to the limited influence of mixing forces, mainly by wind and 
tidal action. The Goukamma Estuary is a channel-like microtidal estuary where 
stratification effectively limited oxygenation of the bottom water which resulted in 
frequent occurrence of bottom water hypoxia. During June 2010 when the highest local 
rainfall (75 mm) was recorded for the region, salinity and DO data showed that this 
amount of rainfall was insignificant as it did not replenish the water column of oxygen. 
Only the surface 0.5 m layer was fresh and oxygenated while below this, the water 
column was completely hypoxic. In an unimpacted state, the Goukamma Estuary is a 
blackwater system and is expected to be nutrient poor; however, farming activities in the 
catchment have resulted in elevated nutrient concentrations. This study showed that  
significantly higher nutrient concentrations were measured in the middle and upper 
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reaches of the estuary, adjacent to cattle farms situated in the floodplain of these 
reaches. Nutrient concentrations represented mesotrophic (dissolved inorganic nitrogen 
[DIN] > 500 µg l-1) to eutrophic conditions (dissolved inorganic phosphorus [DIP] > 25 µg 
l-1). Nutrient input stimulated phytoplankton to attain a significantly high biomass, 
ranging between 0.3 – 112 µg l-1 (~ 7.7 ± 1.3 µg l-1; n = 128) and 0.8 – 289 µg l-1 (~ 21.1 
± 4.4 µg l-1; n = 80) during the open and closed states, respectively. High organic loads 
are associated with high oxygen demands which consequently result in hypoxia 
following decomposition. Exacerbated by natural salinity stratification which effectively 
limits oxygenation of the water column, unnaturally high nutrient concentrations and 
coinciding organic loads place the estuary at particular risk of degradation. This study 
captured key patterns and processes by quantifying salinity, oxygen and nutrient 
concentrations in addition to biological indicators (phytoplankton biomass and 
community composition). Considering possible budget constraints, it is recommended 
that monthly salinity and oxygen concentrations should be monitored as well as 
seasonal nutrient concentrations. It is also recommended that riparian buffer zones 
should be established in the middle and upper reaches of the estuary, as these 
vegetation buffers have been well documented to contribute to nutrient attenuation and 
improved water quality from agricultural run-off. 
 
  
v 
 
TABLE OF CONTENTS 
                        Page number 
 
ACKNOWLEDGEMENTS ............................................................................................ ii 
SUMMARY .................................................................................................................... iii  
TABLE OF CONTENTS ............................................................................................... v 
LIST OF FIGURES ........................................................................................................ viii 
LIST OF TABLES ......................................................................................................... xiii 
1. INTRODUCTION ....................................................................................................... 1 
2. LITERATURE REVIEW ............................................................................................ 6  
2.1   South African Estuaries .................................................................................... 6 
2.2   Estuarine hydrodynamics ................................................................................. 6 
2.3   Physico-chemical parameters .......................................................................... 8 
 2.3.1  Salinity..................................................................................................... 9 
 2.3.2  Temperature  .......................................................................................... 11 
 2.3.3  pH ............................................................................................................ 12 
 2.3.4  Dissolved oxygen ................................................................................... 12 
 2.3.5  Turbidity .................................................................................................. 15  
 2.3.6  Estuarine nutrients.................................................................................. 16  
   2.3.6.1  Inorganic nitrogen  .................................................................... 17  
   2.3.6.2  Inorganic phosphorus ............................................................... 17 
   2.3.6.3  Nutrient dynamics ..................................................................... 18  
2.4   Biotic response  ................................................................................................ 19 
  2.4.1  Phytoplankton biomass ........................................................................... 19 
  2.4.2  Phytoplankton community composition .................................................. 21 
2.5  Implications of nutrient over-enrichment ........................................................... 22 
 2.5.1  Management considerations .................................................................. 23 
2.6  Monitoring indicators ..........................................................................................  24 
vi 
 
3. AVAILABLE INFORMATION ON THE GOUKAMMA ESTUARY .........................  27 
 3.1  Abiotic characteristics ........................................................................................  27  
 3.1.1  Geography and geomorphology .............................................................  27 
 3.1.2  Estuarine boundaries ..............................................................................  28 
 3.1.3  Geography...............................................................................................  28   
 3.1.4  Climate and vegetation ...........................................................................  28  
 3.2   Biotic characteristics .........................................................................................  30 
  3.2.1  Microalgae ..............................................................................................  30 
  3.2.2  Macrophytes ...........................................................................................  31 
  3.2.3  Invertebrates ...........................................................................................  32 
  3.2.4  Fish .........................................................................................................  32 
  3.2.5  Birds ........................................................................................................  33 
 3.3  Threats and impacts  ......................................................................................... 34 
  3.2.1  Infrastructure ...........................................................................................  34 
  3.2.2  Human exploitation .................................................................................  34 
  3.2.3  Water quantity and quantity ....................................................................  35 
 3.4  Recommended ecological reserve category .....................................................  35 
  3.4.1  Present ecological status of the Goukamma Estuary ............................  35 
4. MATERIALS AND METHODS  ................................................................................  38 
4.1  Physico-chemical parameters ...........................................................................  39 
4.2  Nutrients .............................................................................................................  40 
4.3  Total suspended solids ......................................................................................  40 
4.4  Sediment organic content ..................................................................................  40 
4.5  Phytoplankton biomass ......................................................................................  40 
4.6  Phytoplankton community composition .............................................................  41 
4.7  Statistical analyses ............................................................................................  42 
5. RESULTS ..................................................................................................................  43 
5.1   Rainfall and mouth states ................................................................................. 43  
vii 
 
 5.2   Physico-chemical parameters .......................................................................... 44 
  5.2.1  Salinity ..................................................................................................... 44 
  5.2.2  Temperature ............................................................................................ 49 
  5.2.3  pH ............................................................................................................ 51 
  5.2.4  Dissolved oxygen .................................................................................... 52 
  5.2.5  Turbidity and water transparency ........................................................... 57 
  5.2.6  Total suspended sediment ..................................................................... 59 
  5.2.7  Sediment organic content ....................................................................... 60 
5.3   Nutrients ............................................................................................................ 61 
  5.3.1  Soluble reactive phosphorus  ................................................................. 61 
  5.3.2  Total oxidized nitrogen ............................................................................ 62 
  5.3.3  Ammonium .............................................................................................. 62 
  5.3.4  Dissolved inorganic nitrogen .................................................................. 63 
 5.4   Phytoplankton biomass..................................................................................... 71 
 5.5   Phytoplankton community composition ............................................................ 74 
6. DISCUSSION  ........................................................................................................... 80 
7. CONCLUSION AND RECOMMENDATIONS.......................................................... 93 
8. REFERENCES .......................................................................................................... 96 
9. APPENDICES ........................................................................................................... 110 
 Appendix A ................................................................................................................ 110 
 Appendix B  ...............................................................................................................  113 
 Appendix C ................................................................................................................  114  
 Appendix D ................................................................................................................  116 
 Appendix E ................................................................................................................  118   
viii 
 
List of Figures 
                                                           Page number 
 
Figure 1.  Aerial photograph of the Goukamma Estuary indicating its relative 
position (CapeNature GIS database 2011) ............................................ 29 
Figure 2.  Sampling sites located along the length of the Goukamma    
Estuary..................................................................................................... 39 
Figure 3.  Historical rainfall (April 1878 – April 2009; mean + SE) and recent 
rainfall recorded for the Goukamma Estuary (arrows indicate closed 
mouth states) ........................................................................................... 44 
Figure 4.  Different salinity regimes recorded during the open mouth states (a, 
b) and the closed mouth states (c), with the exclusion of April 2010 
(horizontal bars represent mean values) ................................................ 46 
Figure 5.  Horizontal and vertical salinity gradients represented during the 
open (a) and closed (b) mouth state (mean + SE)................................. 47 
Figure 6.  Salinity stratification with depth (p < 0.05) during the open (a) and 
closed (b) mouth state ............................................................................ 48 
Figure 7.  Water temperature showed a significant variation among months 
(a), seasons (b) and mouth states (c) .................................................... 50 
Figure 8.  pH displayed slight temporal variation among months (a) and a 
significant longitudinal gradient (b) along the length of the      
estuary ..................................................................................................... 51 
Figure 9.  Concentrations of DO during the open (a) and closed (b) mouth 
states (mean + SE) ................................................................................. 54 
Figure 10.  Variation of DO concentrations with depth during the open (a) and 
closed (b) mouth state ............................................................................ 55 
ix 
 
Figure 11.  The occurrence of hypoxic conditions (%) at different depths during 
the open and closed mouth states.......................................................... 56 
Figure 12.  Variation of DO concentrations with salinity during the open (a) and 
closed (b) mouth states ........................................................................... 56 
Figure 13.  Monthly water column transparency (Secchi depth in relation to 
actual site depth [%]) along the length of the estuary during the 
study ........................................................................................................ 57 
Figure 14.  Water column transparency along the length of the estuary during 
both open and closed mouth states ....................................................... 58 
Figure 15.  Secchi depth and maximum depth at sites along the length of the 
estuary ..................................................................................................... 58 
Figure 16.  Concentration of TSS along the length of the estuary (mean           
+ SE) ........................................................................................................ 59 
Figure 17.  Organic fraction of TSS recorded along the length of the estuary 
(mean + SE) ............................................................................................ 60 
Figure 18.  The sediment organic content (%) along the length of the estuary 
during October 2010 – April 2011 (mean + SE) ..................................... 61 
Figure 19.  Monthly SRP concentrations during the study period (mean            
+ SE) ........................................................................................................ 64 
Figure 20.  Vertically averaged SRP concentrations along the length of the 
estuary during the open and closed mouth states (mean                 
+ SE) ........................................................................................................ 64 
Figure 21.  Concentration of SRP in the surface (a) and bottom (b) layers 
during the open and closed mouth states (mean + SE) ........................ 65 
Figure 22.  Monthly TOxN concentrations during the study period (mean           
+ SE) ........................................................................................................ 66 
x 
 
Figure 23.  Vertically averaged TOxN concentrations during both open and 
closed mouth states (mean + SE) .......................................................... 66 
Figure 24.  Concentration of TOxN in the surface (a) and bottom (b) layers 
during the open and closed mouth states (mean + SE) ........................ 67 
Figure 25.  Monthly NH4
+ concentrations during the study period (mean            
+ SE) ........................................................................................................ 68 
Figure 26.  Vertically averaged NH4
+
 concentrations during the open and 
closed mouth states (mean + SE) .......................................................... 68 
Figure 27.  Concentration of NH4
+ in the surface (a) and bottom (b) layers 
during the open and closed mouth states (mean + SE) ........................ 69 
Figure 28.  Vertically averaged DIN concentrations along the length of the 
estuary during the open and closed mouth states (mean + SE) ........... 70 
Figure 29.  Monthly phytoplankton biomass (chlorophyll a) during the study 
period (mean + SE)  ................................................................................ 72 
Figure 30.  Vertically averaged phytoplankton biomass (chlorophyll a) along the 
length of the estuary during the open and closed mouth states 
(mean + SE) ............................................................................................ 72 
Figure 31.  Phytoplankton biomass (chlorophyll a) in the surface (a) and bottom 
(b) layers during the open and closed mouth states (mean               
+ SE) ........................................................................................................ 73 
Figure 32.  Phytoplankton community composition (relative abundance) and 
corresponding phytoplankton biomass (chlorophyll a; mean + SE) 
recorded during the open mouth states (June 2010 –             
October 2010) ......................................................................................... 76 
 
xi 
 
Figure 33.  Phytoplankton community composition (relative abundance) and 
corresponding phytoplankton biomass (chlorophyll a; mean + SE) 
recorded during the open mouth states (November 2010 – January 
2011, April 2011) ..................................................................................... 77 
Figure 34.  Phytoplankton community composition (relative abundance) and 
corresponding phytoplankton biomass (chlorophyll a; mean + SE) 
recorded during the closed mouth states (April 2010 – May 2010, 
September 2010,  February 2011) ......................................................... 78 
Figure 35.  Phytoplankton community composition (relative abundance) and 
corresponding phytoplankton biomass (chlorophyll a; mean + SE) 
recorded during the closed mouth states (March 2011) ........................ 79 
Figure A.1.  Land use in the vicinity of the Goukamma Estuary mainly consists 
of forestry plantations (Pinus and Eucalyptus spp.) and cattle 
farming interspersed with pockets of indigenous vegetation 
(Source: Google Earth 2011) .................................................................. 110 
Figure A.2  The lower reaches of the Goukamma Estuary are wide and 
relatively shallower than the middle and upper reaches of the 
estuary with banks consisting mainly of indigenous vegetation 
(Photos by Tanja Kaselowski (25/04/2011)............................................ 111 
Figure A.3.  The middle and upper reaches of the Goukamma Estuary are 
narrow, channel-like and deeper than the lower reaches and cattle 
farming comprise the main land use in the vicinity (floodplain) of the 
estuary (Photos by Tanja Kaselowski 06/02/2010)................................ 112 
Figure C.1.  The Goukamma Estuary mouth shifted locations throughout the 
study mainly in response to the height of the berm and magnitude 
of river inflow (a) and at times breached at different places due to 
the constricted nature of the inlet and high water levels inside the 
estuary (b) (Photos by Keith Spencer [4/01/2011] and Tanja 
Kaselowski [24/01/2011]) ........................................................................ 114 
xii 
 
Figure C.2.  The Goukamma Estuary residing in a closed mouth state (a) and 
overtopping of seawater at the berm (b) during this state (Photos by 
Tanja Kaselowski 23/09/2010; 24/02/2011) ........................................... 115 
Figure E.1.  Farmlands in the middle and upper reaches of the estuary largely 
extend to the edge of the channel, resulting in a reduction of 
riparian vegetation limited to a few scattered pockets (Source: 
Google Earth 2011) ................................................................................. 118 
Figure E.2.  Location of point-source discharge (indicated by dashed line) from 
adjacent farmland situated in the floodplain of the estuary 
contributing to the input of nutrient-rich water. Sampling site 6 (S6) 
is indicated on the map (Source: Google Earth 2011) ........................... 119 
  
xiii 
 
List of Tables 
                                                                                       Page number 
 
Table 1.  Various levels of salinity stratification based on the difference 
between surface and bottom salinity (Livingstone 2003) ........................ 10 
Table 2.  The concentration of DIN and corresponding trophic state (DWAF 
1996) ......................................................................................................... 17 
Table 3.  The concentration of DIP and corresponding trophic state (DWAF 
1996) ......................................................................................................... 18 
Table 4.  Phytoplankton biomass (chlorophyll a) measured in South African 
temporarily open/closed estuaries (adapted from Adams and Bate 
1999 and Snow and Bate 2009) .............................................................. 20 
Table 5.  The Present Ecological Status of the Goukamma Estuary represents 
an A/B classification (DWA 2009) ............................................................ 35 
Table 6.  The recommended ecological reserve category for the Goukamma 
Estuary (DWA 2009) ................................................................................ 37 
Table 7.  Maximum depths (cm) recorded along the length of the estuary 
during both open and closed mouth states ............................................. 45 
Table 8.  Dominant phytoplankton groups recorded along the length of the 
estuary during the open mouth state (bold indicates bloom-forming 
species [chlorophyll a > 20 µg l-1]) ........................................................... 75 
Table 9.  Dominant phytoplankton groups recorded along the length of the 
estuary during the closed mouth state (bold indicates bloom-forming 
species [chlorophyll a > 20 µg l-1]) ........................................................... 75 
Table B.1. Scores allocated to the abiotic and biotic components of the 
Goukamma Estuary (DWA 2009) ............................................................ 113 
xiv 
 
Table B.2.  The Estuarine Importance scores (EIS) of the Goukamma Estuary 
(DWA 2009) .............................................................................................. 113 
Table B.3.  Descriptions of Estuarine Importance scores. The Goukamma 
Estuary is categorized as “low to average importance”               
(DWA 2009) .............................................................................................. 113 
Table D.1.  Pearson’s correlation coefficients (r) between physico-chemical 
parameters during the open mouth state (n = 303). Significant 
results are indicated in bold ..................................................................... 116 
Table D.2.  Pearson’s correlation coefficients (r) between physico-chemical 
parameters during the closed mouth state (n = 303). Significant 
results are indicated in bold ..................................................................... 116 
Table D.3.  Pearson’s correlation coefficients (r) between physico-chemical 
parameters, nutrients and phytoplankton biomass (chlorophyll a) 
during the open mouth state (n = 112). Significant results are 
indicated in bold ........................................................................................ 117 
Table D.4.  Pearson’s correlation coefficients (r) between physico-chemical 
parameters, nutrients and phytoplankton biomass (chlorophyll a) 
during the closed mouth state (n = 112). Significant results are 
indicated in  bold ....................................................................................... 117 
  
 
 
- 1 - 
1. INTRODUCTION 
Situated at the interface between fresh- and marine waters, estuaries are among the 
most biologically productive ecosystems in the world and are of great ecological and 
economical importance (IUCN 2000; Van Jaarsveld et al. 2005; Turpie and Clarke 
2007a). Estuaries provide the human society with a myriad of invaluable ecosystem 
goods and services, ranging from basic human needs to supporting multimillion dollar 
commercial operations (Daily et al. 1997; Turpie et al. 2006; Turpie 2007; Turpie and 
Clarke 2007a). Yet these water bodies are becoming some of the world’s most 
threatened habitats (Orians and Groom 2006; Elsdon et al. 2009). 
Characterized by their natural complexity, estuaries face degradation due to human-
induced alterations to their dynamic variability (IUCN 2000; Van Jaarsveld et al. 2005; 
De Villiers and Thiart 2007; McQuatters-Gollop et al. 2009). According to the 
intermediate disturbance hypothesis (Connell 1978), an ecosystem can withstand a 
certain amount of disturbance. However, when the system is altered too much (e.g. 
excessive stress or simplification of natural complexity), it crosses a threshold into a 
degraded state where its ecological functionality and ability to provide ecosystem goods 
and services are compromised.  
Nutrient over enrichment is considered one of the most serious human-induced impacts 
on estuaries (Jickells 2005; De Villiers and Thiart 2007; Heisler et al. 2008; Costa et al. 
2009). This is mainly associated with the input of excessive amounts of nutrients which 
lead to a buildup of organic material. During bacteriological decomposition of the latter, 
oxygen demand in the water column exceeds the oxygen supply and typically results in 
oxygen deficient conditions, termed hypoxia (DO < 3 mg l-1) and anoxia (DO = 0 mg l-1) 
(Diaz 2002; Correll 2002; Heisler et al. 2008; McQuatters-Gollop et al. 2009). Hypoxia is 
directly linked to a degraded water quality which holds numerous detrimental effects for 
the biota of the system (Barton and Sherwood 2004, De Villiers and Thiart 2007; Turpie 
2007; Turpie and Clarke 2007a; Becker et al. 2009). Sources of nutrients mainly include 
untreated effluent from industries (e.g. waste water discharge), urban areas (e.g. 
sewage outfalls) and agricultural lands (e.g. seepage of fertilizers) (Jickells 2005; De 
Villiers and Thiart 2007; Heisler et al. 2008).  
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In estuaries, water circulation processes (e.g. mixing, flushing and retention times) are 
responsible for regulating overall water quality characteristics (Allanson 2001; Harrison 
2004; Snow and Taljaard 2007; Taljaard et al 2009a, b). In microtidal estuaries, as 
opposed to meso- and macrotidal estuaries, flushing of the water column (associated 
with water replenishment) and mixing forces (associated with oxygenation of the water 
column via wind and tidal currents) are limited. Inflowing river water typically creates 
stratified conditions whereby the less dense freshwater flows over denser saline bottom 
water. Due to the difference in density between these two water layers, mixing of the 
water column is significantly limited; however, depending on the degree of stratification 
and the amount of organic material (Snow and Taljaard 2007). In highly stratified 
estuaries, bottom water hypoxia is a common phenomenon (Franco et al. 2002; Kurup 
and Hamilton 2002; Barton and Sherwood 2004). In certain southern Australian 
estuaries, particularly south-west Victoria, salinity stratification effectively limits 
oxygenation of the bottom water which leads to hypoxic conditions. This poses an 
immense threat to these systems, especially during mouth breaching events when the 
oxygenated surface water flows over the saline water, leaving behind the hypoxic 
bottom water (Barton and Sherwood 2004; Becker et al. 2009). South African 
temporarily open/closed estuaries (TOCE’s) share similar hydrological and 
morphological characteristics to many south-west Victorian estuaries (intermittently 
closed/open lakes and lagoons [ICOLLS]). Conceptual models regarding water quality 
(e.g. Snow and Taljaard 2007) and nutrient dynamics (Taljaard et al. 2009b) are readily 
used to compare these Southern Hemisphere systems.   
Of the approximately 250 functional estuaries in South Africa (all are microtidal), 71 % 
are classified as TOCE’s. These systems are characterized by the presence of a berm 
(sandbar) at the mouth of the estuary which separates it from the ocean for varying 
periods of time (Whitfield 1992). In combination with marine sediment movement, the 
mouth of the estuary generally closes in response to periods of low river inflow whereas 
high river discharge causes the mouth to open. The conceptual model for water quality 
of South African TOCE’s (Snow and Taljaard 2007) proposes that during the open 
mouth state, physico-chemical gradients mainly reflect a combination of that of the river 
(fresh) and seawater inflow. Nutrient concentrations are normally high due to input from 
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both water masses. Microalgae, in particular, increase with increasing nutrient 
concentration. However, tidal exchange creates unstable physical conditions inside the 
estuary which disfavour the growth of microalgae and their biomass is typically low. In 
addition, tidal exchange tends to replenish the water column of oxygen and thus the 
probability of hypoxia occurring is low, except in deep saline pools where stratification 
effectively limits oxygenation. The model furthermore proposes that during closed 
mouth states, physico-chemical conditions tend to be more stable. Nutrient 
concentrations are typically lower, partly due to low river discharge and the absence of 
tidal input. However, these physically stable conditions favour the growth of microalgae 
and typically reach a maximum biomass until all available nutrients have been depleted. 
Furthermore, in the absence of marine input (associated with highly oxygenated 
conditions), wind mixing and inflowing river water (typically low if present) generally 
assume the role of oxygenation. Directly after mouth closure, stratification is a 
prominent feature and increases the probability of hypoxia occurring. Each mouth state 
is subject to a variation in environmental conditions which result in a unique set of 
abiotic characteristics and biotic responses within the estuary (Allanson 2001; Cooper 
2001; Bate et al. 2002; Harrison 2004; Snow and Taljaard 2007; Anandraj et al. 2008; 
Taljaard et al. 2009a).  
Temporarily open/closed estuaries display great spatial and temporal patterns. It is, 
however, necessary to assess this in relation to natural variability in order to accurately 
determine the ecological state of the estuary. Implementing applicable and accurate 
monitoring programmes that capture key patterns and processes is paramount to 
assessing and ensuring the sustainability of the estuary (McGwynne and Adams 2004). 
The Goukamma Estuary is classified as a TOCE. The catchment of 235 km2 is relatively 
undisturbed in terms of human impacts. The main land-use consists of forestry and 
agricultural activities interspersed with a few small urban areas. The mean annual runoff 
(MAR) to the estuary has been reduced from 57.5 x 106 m3 under reference condition to 
48.8 x 106 m3 (85 % of natural MAR) under the present state. Presently, off-channel 
consumption comprises 9 % irrigation, 78 % commercial afforestation and 13 % uptake 
by alien vegetation (DWA 2009). The N2 National road crosses the estuary at the head 
(~ 9.2 km from the mouth). Within the direct vicinity of the estuary, cattle farming is the 
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main land-use activity especially in the upper and middle reaches. The estuary is 
narrow and channel-like and meanders extensively throughout its length, ~ 9.2 km (limit 
of tidal range). The estuary widens in the lower reaches where it reaches a maximum 
width of 200 m approximately 0.9 km from the mouth. The lower reaches of the estuary 
(~ 3 km from the mouth) form part of the Goukamma Nature Reserve and Marine 
Protected Area (MPA) managed by CapeNature. The Goukamma Estuary is a 
blackwater system and would naturally (unimpacted state) be oligotrophic (nutrient 
poor). The present ecological status of the estuary is A/B, i.e. largely natural with only a 
few modifications (DWA 2009). As part of the development of a regional conservation 
plan for the cool and warm temperate estuaries, Turpie and Clarke (2007b) 
recommended that the Goukamma Estuary be included in the core set of estuaries that 
need to be protected to meet biodiversity targets in South Africa. However, during a 
recent environmental water requirement study (DWA 2009), poor water quality 
(attributed to nutrient enrichment from agricultural effluent) and water abstraction were 
identified as the principal factors contributing to the degraded health of the estuary 
(DWA 2009). This assessment was however based on a once-off survey and so the 
current study was designed to provide a better understanding of the health of the 
estuary. Hypotheses were set based on the environmental water requirement study and 
report (DWA 2009).   
The main objectives of the study were to: 
1. Assess the response of the estuary to changes in mouth state by measuring abiotic 
characteristics and the biotic response, and  
2. Provide input to a long-term monitoring and sampling programme for CapeNature by 
identifying monitoring indicators.  
Specific hypotheses were: 
1. Water quality (dissolved oxygen) 
Surface waters (≤ 0.5 m) in the estuary are generally oxygenated (> 4 mg l-1) during all 
states. During periods of marked vertical stratification and long residence time, the 
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deeper bottom waters (> 1 m) in the upper estuary may become hypoxic (< 3 mg l-1), 
particularly during the closed mouth state. 
2. Water quality (nutrients) 
During the open mouth state, DIN and DIP concentrations of sites in the upper reaches 
of the estuary are less than 50 μg l-1 (3.6 µM) and 10 μg l-1 (0.3 µM), respectively, as the 
Goukamma Estuary is an oligotrophic system. Farming activities in the upper reaches 
are expected to elevate nutrient levels (especially DIN) in the water entering the estuary 
(DWA 2009). 
3. Microalgal biomass 
During the open mouth state, chlorophyll a concentrations (phytoplankton biomass) are 
greater than > 10 µg l-1 while during the closed mouth states, chlorophyll a 
concentrations (phytoplankton biomass) are very low (< 1.0 µg l-1). 
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2. LITERATURE REVIEW 
2.1 SOUTH AFRICAN ESTUARIES 
The South African coast consists of three unique biogeographical zones, namely a cool 
temperate West Coast Province extending from the Orange River south to the Krom 
Estuary on the Cape Peninsula which displays a highly sporadic rainfall; a warm 
temperate South Coast Province extending east from the Silwermyn Estuary in False 
Bay to the Mendu Estuary in the Eastern Cape with some regions experiencing either 
summer-, winter rainfall peaks or a bimodal regime; and a subtropical East Coast 
Province which extends north from Mbashe Estuary in the Eastern Cape to Kosi Estuary 
in KwaZulu-Natal displaying a summer rainfall peak (Turpie et al. 2000). The range of 
variation and interaction among local climatic features, catchment size and gradient, 
fluvial discharge and sediment supply as well as marine sediment supply produce a 
wide range of estuary types (Cooper 2001; Harrison 2004). 
According to CSIR (2009), the most comprehensive definition of South African estuaries 
is considered to be “that portion of a river system which has, or can from time to time, 
have contact with the sea. Hence, during floods an estuary can become a river mouth 
with no seawater entering the formerly estuarine area. Conversely, when there is little or 
no fluvial input an estuary can be isolated from the sea by a sandbar and become a 
lagoon which may become fresh, or hypersaline (salinity > 35 ppt), or even completely 
dry.” Based primarily on the broad physical features, Whitfield (1992) classified more 
than 250 estuaries that fall within the country’s three biogeographical zones into the 
following categories: permanently open estuaries (POE), temporarily open/closed 
estuaries, river mouths, estuarine lakes and estuarine bays. The tidal range around the 
South African coast shows very little fluctuation and most areas therefore experience a 
spring tidal range of 1.8 – 2.0 m and a neap tide of 0.6 – 0.8 m, typically rendering the 
coast and estuaries microtidal (Davies 1980 cited in Cooper 2001).  
2.2 ESTUARINE HYDRODYNAMICS 
Temporarily open/closed estuaries constitute approximately 71 % of South Africa’s 
estuaries (Whitfield 1992). Water circulation patterns (hydrodynamic characteristics) 
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within these estuaries are primarily governed by the size of the river catchment and 
regional rainfall patterns which regulate runoff patterns and the magnitude of river 
inflow. In response to different runoff scenarios, different hydrodynamic states (mouth 
states) prevail which, according to the classification of Snow and Taljaard (2007), 
consist of open mouth, semi-closed and closed mouth states. It is possible for all three 
mouth states to occur within a single estuary at various times (Taljaard et al. 2009a). 
In microtidal estuaries, the sediment load tends to be greater on the incoming tide which 
gives rise to the natural tendency for the mouth to block up with marine sediments 
during low river inflow (low rainfall) and remain closed (Cooper 2001; Snow and 
Taljaard 2007). During this state, seawater inflow into the estuary can take place via 
overtopping of the sandbar during spring high tides (Whitfield et al. 2008) or during 
storm surges (Riddin and Adams 2010). At the onset of high river flows, the water level 
inside the estuary rises and, depending on the amount of runoff, may become level with 
the berm. When the water level exceeds this height, sediment scouring begins and the 
mouth breaches. During the open phase, exchange between the river and seawater is 
the two main factors determining the physico-chemical properties of TOCE’s (Anandraj 
et al. 2007; Snow and Taljaard 2007). After breaching, regeneration of the berm is 
initiated by long-shore and cross-shore sand movement in the near-shore marine 
environment and may be re-established after a few days or weeks, depending on the 
prevailing hydrodynamic conditions (Cooper 2001; Snow and Taljaard 2007). An 
increase in the berm height and a low river inflow limit seawater intrusion to overtopping 
events (Snow and Taljaard 2007). However, the berm is not high enough to prevent 
water draining from the estuary into the sea (semi-closed). When the height of the berm 
effectively closes the estuary off from the marine environment, the system resides in a 
closed state and experiences relatively stable physical conditions which are associated 
with biological recovery (Snow and Taljaard 2007; Anandraj et al. 2008).   
The type of breaching event and outflow phase will influence the subsequent salinity 
regime once the sandbar regenerates (Whitfield et al. 2008). A deep mouth breach with 
a high river inflow tends to result in major tidal inputs of marine water prior to mouth 
closure with salinity ranging between 15 – 25 ppt. A shallow mouth breach following a 
lower river inflow tends to result in a reduced tidal exchange which may lead to a 
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lowered salinity regime (< 15 ppt) at the time of mouth closure (Whitfield et al. 2008). 
Conversely, limited tidal influence (natural or unnatural) could also shift abiotic 
parameters to extremes so that estuarine water could become hypersaline (> 35 ppt) 
during droughts or hyposaline (< 5 ppt) during rainfall events (Harrison 2004; Snow and 
Taljaard 2007).  
In contrast to estuaries in the subtropical region, breaching of warm-temperate estuaries 
does not cause a drastic reduction in the water level inside the estuary (Cooper 2001). 
The maximum capacity of these systems prior to breaching is usually near the high tide 
level and impounded behind a low-elevation berm with a gently-sloped beach front. The 
river inflow to the estuary is sufficiently high to keep the mouth open to the sea, allowing 
seawater intrusion during high tides while river inflow introduces freshwater into the 
upper reaches of the estuary (Cooper 2001; Harrison 2004). 
2.3 PHYSICO-CHEMICAL PARAMETERS 
A vast difference exists between the hydrological regimes of estuaries in the Northern 
and Southern Hemispheres. Northern Hemisphere estuaries (e.g. Europe and North 
America) represent less variability and more consistency in run-off patterns than 
estuaries in the Southern Hemisphere (e.g. Australia and South Africa). The former also 
differ from the latter in terms of bathymetry (being deeper) and the degree of tidal 
exchange (mostly meso- and macrotidal systems). This typically cause abiotic and biotic 
parameters to behave differently in each system (Taljaard et al. 2009b). Therefore, 
water quality models (especially nutrient dynamics) of Northern Hemisphere estuaries 
are not entirely applicable to Southern Hemisphere estuaries (Snow and Taljaard 2007; 
Taljaard et al. 2009b). South African estuaries are to a large degree comparable to 
southern Australian estuaries in terms of hydrological regimes, morphological 
characteristics and, particularly, nutrient dynamics (Cooper 2001; Peel et al. 2004; 
Taljaard et al. 2009b).  
Temporarily open/closed estuaries tend to display great spatio-temporal variability in 
physico-chemical parameters, mainly in response to water circulation patterns (Snow 
and Taljaard 2007; Elsdon et al. 2009; Taljaard et al. 2009a). During each state, these 
patterns influence the water quality characteristics through regulating the quantity, 
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quality and velocity of freshwater inflow, vertical and horizontal salinity gradients, 
retention times, flushing mechanisms, and subsequent biotic response (Bate et al. 
2002; Snow and Taljaard 2007; Tajlaard et al. 2009a). Each state thus represents a 
unique set of abiotic driving forces and biotic assemblage (Bate et al. 2002; Snow and 
Taljaard 2007; Taljaard et al. 2009a).  
Physico-chemical parameters and biological indicators are often used to assess the 
extent of abiotic features and biological recovery, i.e. recovery of a system after a 
disturbance (Anandraj et al. 2008). Based on the conceptual model for water quality of 
TOCE’s (Snow and Taljaard 2007), the following characteristics are associated with the 
three typical mouth states:  
2.3.1 Salinity 
Salinity is a measure of the amount of dissolved salts in the water (Ohrel and Register 
2007). Saline water is typically denser than freshwater, therefore, when marine water 
enters the estuary during the open mouth state, a longitudinal salinity gradient develops 
where salinity decreases from the mouth to the head of the estuary. Vertical salinity 
stratification consequently develops as a result of low-density freshwater flowing over 
the higher-density saline water (Ohrel and Register 2007; Snow and Taljaard 2007).  
The position of the halocline, referred to as the horizontal location within the water 
column where an apparent salinity difference exists between the less dense surface 
freshwater and denser bottom saline water, depends on the rate of river inflow (Snow 
and Taljaard 2007). Livingstone (2003) described the different levels of salinity 
stratification in Table 1. Stratified estuaries predominantly occur in regions where the 
tidal range is small (< 1 m; microtidal estuaries) and mixing forces are effectively limited 
from mixing the two water layers (Kurup and Hamilton 2002; Barton and Sherwood 
2004; Snow and Taljaard 2007). Most south-west Victorian estuaries fall within this 
category (Barton and Sherwood 2004), similar to some South African estuaries (e.g. 
Largier and Taljaard 1991; Allanson and Baird 1999; Scharler and Baird 2000; Mackay 
and Cyrus 2001). 
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Table 1. Various levels of salinity stratification based on the difference between surface 
and bottom salinity (Livingstone 2003) 
Degree of stratification 
Difference between 
surface and bottom salinity 
(ppt) 
Highly stratified > 10 
Partially stratified, strong  5 - 10 
Partially stratified, weak  2 - 5 
Vertically homogenous  < 2 
 
In the semi-closed state, marked salinity gradients develop in response to low river 
inflow. Vertical stratification is especially apparent in the deeper regions (trapping of 
saline water). The duration of stratified conditions is however indefinite as it is 
influenced by a combination of the magnitude of river inflow, strength of mixing forces 
(wind and tidal) and depth of the estuary (Kurup and Hamilton 2002; Snow and Taljaard 
2007). In the absence of marine water intrusion and weak salinity gradients, 
entrainment of freshwater into the bottom saline water, in addition to wind-mixing, will 
cause the salinity throughout the estuary to decrease. These effects are more 
pronounced in shallow estuaries that are not sufficiently sheltered from wind-mixing 
(Gama et al. 2005; Snow and Taljaard 2007).  
During the closed mouth state, salinity is typically high in warm temperate estuaries. 
This is due to a combination of high evaporation rates, low freshwater input, seepage 
through the berm and seawater introduction via overtopping events  (Harrison 2004). 
During this state, the entire estuary experiences a near-homogenous salinity range, 
while stratification may be prevalent directly after mouth closure and in deeper sections 
of the estuary (Snow and Taljaard 2007). Episodic intrusion of marine water may take 
place near the mouth and stratified conditions may consequently develop; however, the 
extent depends on the volume of seawater entering the estuary and height of the berm 
(Snow and Taljaard 2007).  
Salinity is the single-most important parameter that governs the habitat preference of 
estuarine biota (Schlacher and Wooldridge 1996; Alber 2002; Bate et al. 2002; Ohrel 
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and Register 2007; Bouvy et al. 2010). Most of these biota occur within specific salinity 
ranges (isohalines) and fluctuations thereof due to variation in freshwater inflow will 
directly affect their distribution and life history cycles, e.g. submerged and rooted 
vegetation (Riddin and Adams 2009), spawning and nursery cycles of estuary-
dependent fish species (Lamberth 2007) and phytoplankton community composition 
(Bouvy et al. 2010; Hall 2011). 
2.3.2 Temperature 
The water temperature of TOCE’s is mainly regulated by seasonal variations in 
atmospheric temperature, especially in temperate regions where winter and summer 
temperature range between 15 – 20 °C and 20 – 25 °C, respectively (Snow and 
Taljaard 2007). Oceanic temperatures display spatial variability, typically increasing 
from the cool-temperate to the subtropical region. During the open mouth state, 
temperature of estuaries in these regions is typically influenced by that of the adjacent 
ocean (Harrison 2004). Moreover, upwelling is a phenomenon that takes place in the 
ocean, typically in the western coast of South Africa during which cold nutrient-rich 
bottom waters displace the upper warmer waters following offshore wind conditions in 
Spring/Summer (Monteiro and Largier 1999). During this event, the ocean temperatures 
can range between 9 – 14 °C and when this water enters the estuary, a pronounced 
longitudinal temperature gradient exists (Snow and Taljaard 2007). 
Water temperature is an important parameter as it influences various chemical and 
biological processes within an estuary. For instance, the concentration of DO in cold 
water is typically high as its solubility increases with a decrease in temperature. 
Conversely, with increasing temperatures, DO concentrations decrease while the rate of 
metabolic processes of organisms (e.g. photosynthesis of aquatic plants) increases. 
Estuaries in temperate regions generally display seasonal variability in DO 
concentrations. Low DO concentrations are usually associated with higher summer 
temperatures during which solubility of oxygen in water decreases, water retention 
times are longer as river discharge is low and the rate of organic material decomposition 
increases. Maximum concentrations are generally attained in the cooler winter months 
(Franco et al. 2002; Secor and Niklitschek 2002). Optimal temperatures vary according 
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to the requirements of different species and are able to adapt to subtle changing 
conditions. However, rapid shifts may detrimentally affect the biota of a system while 
long-term alteration can influence the overall distribution and abundance of estuarine 
organisms (Ohrel and Register 2007). 
2.3.3 pH 
The pH of water is a measure of the acidity or alkalinity of a solution.  Neutral water has 
a pH of 7 (neutral) where lower values (< 7) are acidic and higher values (> 7) alkaline 
(Ohler and Register 2007). The pH of estuarine waters is typically influenced by that of 
the inflowing water sources, namely the sea and river. The pH of seawater generally 
range between 7.9 – 8.2 (DWAF 1995) while that of the river depends on geological 
characteristics of the catchment (DWAF 1996). Estuarine waters generally range 
between a pH of 7 – 8.5 as seawater provides a strong buffer against low pH levels 
(Snow and Taljaard 2007). Rivers draining Table Mountain quartzite (termed blackwater 
systems) are typically rich in humic acids derived from the indigenous fynbos vegetation 
inhabiting these soils and typically have a low pH (~ 4) (Snow and Taljaard 2007).  
On a finer scale, the pH of water can, apart from other factors, be influenced by 
bacterial activity (photosynthesis and respiration), dissolved mineral substances, 
sewage outfalls and acid rain. The pH of water is a critical determinant of the survival of 
estuarine biota and most prefer a pH range of ~ 6.5 – 8.5. Many species become 
stressed when pH declines below 5 or increase to above 9 (Ohler and Register 2007). 
Natural variability in pH levels may occur; however, the need for ecological 
assessments arise when short-term fluctuations occur against the natural variability 
(McGwynne and Adams 2004; Ohrel and Register 2007; McQuatters-Gollop et al. 
2009). These fluctuations can change important aspects of the water chemistry, often to 
the detriment of indigenous biota (Ohrel and Register 2007).  
2.3.4 Dissolved Oxygen 
Dissolved oxygen is a fundamental requirement of all aquatic biota. However, “no other 
environmental factor of such ecological importance to coastal and estuarine systems 
has changed as drastically as DO” (Ripley and Foran 2006).  
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Of all the water quality parameters, the concentration of DO in the water is one of the 
most accurate indicators representing the estuary’s health (Barton and Sherwood 2004; 
Ohrel and Register 2007). Most estuarine organisms require DO concentrations greater 
than 3 mg l-1 (Ohrel and Register 2007; Snow and Taljaard 2007). Below this limit, the 
oxygen demand outweighs the oxygen supply and hypoxia (< 3 mg l-1) and anoxia        
(< 0.5 mg l-1) typically develop (Diaz 2002; Kurup and Hamilton 2002; Poon et al. 2002). 
If these low DO conditions prevail for an extended period of time, estuarine biota could 
become adversely affected. This would compromise the productivity and, ultimately, the 
ecological health of the estuary (Barton and Sherwood 2004; Ohrel and Register 2007; 
Snow and Taljaard 2007; Becker et al. 2009).  
The concentration of DO is regulated by physical, chemical and biological processes 
which, in combination, produce great spatial and temporal variability (Franco et al. 2002; 
Kurup and Hamilton 2002). The rate of oxygen diffusion from the atmosphere into a 
water body is typically very slow; however, wind-mixing enhances this process (Poon et 
al. 2002; Ohrel and Register 2007). Surface layers (< 1 m) are generally well 
oxygenated due to direct contact with atmospheric conditions. However, stratification 
caused either by haloclines (salinity) or thermoclines (temperature) tends to prevent 
mixing of the water column. Stratification increases with depth which significantly limits 
mixing between the bottom water and oxygenated surface layer (Kurup and Hamilton 
2002; Ohrel and Register 2007; Snow and Taljaard 2007). Bottom water hypoxia 
commonly occurs in channel-like microtidal estuaries in which mixing by wind and tidal 
action is typically limited (Franco et al. 2002; Kurup and Hamilton 2002; Snow and 
Taljaard 2007). In highly stratified south-west Victorian estuaries, the frequent 
occurrence of anoxia in the deeper saline waters places their ecosystems at 
considerable risk when the mouth opens (Barton and Sherwood 2004). The oxygenated 
surface layer typically flows over the saline bottom layer, leaving behind only the deeper 
hypoxic water. This places estuarine biota under immense pressure and may lead to 
extensive mortality (Barton and Sherwood 2004), e.g. fish kills recorded in the Surrey 
Estuary (Becker et al. 2009). Conversely, shallow estuaries with wide reaches are very 
susceptible to wind-mixing which generally oxygenate the entire water column (Gama et 
al. 2005; Snow and Taljaard 2007). Moreover, seawater in the nearshore surf zone is 
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highly aerated due to the addition of oxygen via turbulence from wave action (DWAF 
1995). When this water enters the estuary, the water column may become replenished 
with DO, depending on the volume of seawater (Snow and Taljaard 2007).  
Biochemical constituents are partly responsible for the production and utilization of 
oxygen (Kurup and Hamilton 2002; Ohrel and Register 2007). In the water column, 
particularly, oxygen production takes place throughout the day via photosynthesis of 
submerged plants (micro- and macrophytes). At night, this process ceases and DO is 
utilized by respiration activities which result in a decline in DO concentrations (hypoxia 
could develop) (Ohrel and Regiser 2007). Furthermore, the contribution of 
photosynthesis to the DO concentration in deep water is negligible because light is 
limiting (Poon et al. 2002; Kurup and Hamilton 2002).  
The biological oxygen demand is associated with the amount of organic material in the 
water column and sediment layer. During the bacteriological decomposition of organic 
material, oxygen is typically utilized. Therefore, high organic loads coincide with high 
oxygen demands and consequently result in a marked decrease in the DO 
concentration of the water column (Flemer and Champ 2006; Snow and Taljaard 2007; 
Bilotta and Braziera 2008). Moreover, sediment oxygen demand is one of the major 
sinks of DO (Kurup and Hamilton 2002). Estuarine sediments are typical sites of organic 
material deposition (Nedwell et al. 1999 cited in Jickells 2005); however, the 
effectiveness of these sediments in trapping organic material depends on their 
adsorption capacity. Fine-grained sediments (e.g. mud) have a greater surface area and 
adsorption capacity than do coarse-grained sediment (e.g. sand), resulting in the former 
having a comparably higher organic content and consequently higher oxygen demand 
(Vassilopoulou et al. 2002). Fine-grained sediments are thus more likely to become 
anoxic (Jickells 2005; Bilotta and Braziera 2008). Moreover, in small microtidal estuaries 
with shallow and narrow channels, breaching events effectively flush accumulated 
matter and the sediment organic content is typically low (except in anthropogenically 
enriched estuaries). Conversely, larger estuaries with deeper and wider channels 
require greater volumes of river discharge for effective flushing (Taljaard et al. 2009a). 
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2.3.5 Turbidity 
Suspended solids (SS) are described by Waters (1995; cited in Bilotta and Braziera 
2008) as the concentration of organic and inorganic particulate material (diameter of     
< 62 mm) which is held in suspension in the water column by turbulence. All rivers 
typically transport some concentration of SS which generally increases with an increase 
in discharge. Greater SS concentrations are thus expected during high flows (e.g. flood 
events) than during base-flow conditions (Bilotta and Braziera 2008). Human-induced 
activities could also elevate the natural rate of SS transport and deposition to the 
detriment of the receiving estuary. Physical alterations partly include reduced light 
penetration and infilling of channels while chemical alterations are associated with the 
release of nutrients (e.g. agricultural fertilizers) and contaminants (e.g. heavy metal and 
pesticides) into the water column (Bilotta and Braziera 2008). 
Turbidity is a measure of the amount of SS present in the water column of the estuary 
and partly reflects that of the inflowing water sources (sea and river), bottom sediment 
composition (mud versus sand), water depth and tides (Harrison 2004; Snow and 
Taljaard 2007). Turbidity is usually measured in Nephelometric Turbidity Units (NTUs). 
However, a Secchi disc is also used to measure the Secchi depth of the water column 
and reflects the water transparency. According to Bilotta and Braziera (2008), turbidity is 
a measure of only one effect of SS as it is also influenced by the presence of 
phytoplankton biomass, dissolved humic substances as well as mineral substances  
present in the water column. Thus, a high turbidity reading (in terms of NTU) could be 
recorded without the presence of a high SS concentration (Bilotta and Braziera 2008).  
Turbidity of seawater along the warm-temperate region is typically low while that of the 
inflowing river is influenced by catchment characteristics, in terms of geology and land-
use activities (e.g. forestation and agricultural activities) (Taljaard et al. 2009a). Rivers 
of blackwater systems (typical of the Western Cape) are naturally low in SS, although 
the dark colour of the water does affect light penetration (CSIR 2000). Therefore, the 
Secchi depth during the open mouth state tends to be deeper than during the closed 
mouth state due to the penetration of clear seawater into the estuary and flushing of 
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pelagic microalgae which also contribute to a lowered biomass (Snow and Taljaard 
2007; DWA 2009).  
Turbidity of the water column could also be influenced by the process of flocculation 
(Snow and Taljaard 2007). According to the definition provided by DWAF (1996), 
flocculation is “the coalescence of small dispersed particles in floccules through the 
processes of coagulation, aggregation or biochemical reaction of fine suspended 
particles or by the addition of chemical reagents (flocculants)”. Flocculation generally 
takes place at the river-estuary interface (REI) and is represented by a maximum 
phytoplankton biomass which occur within a vertically averaged salinity range of < 10 
ppt (Snow and Adams 2006). Flocculation causes a turbidity maximum at this specific 
location provided the floccules are held in suspension by turbulence (Snow et al. 2000; 
Snow and Taljaard 2007). However, turbidity characteristics of TOCE’s are site-speciﬁc 
and mainly determined by the above mentioned factors, in addition to the specific reach 
within the estuary (Snow and Taljaard 2007). 
2.3.6 Estuarine nutrients  
Estuarine nutrients are mainly derived from external sources (allocthonous), principally 
from the catchment via river inflow and from the adjacent ocean. The concentration of 
nutrients in an estuary is therefore largely a function of that in the inflowing water 
sources (Snow and Taljaard 2007). However, large biogeochemical differences exist 
between fresh- and seawater, thus estuarine water quality (in terms of nutrient 
constituents) cannot be compared solely to that of the inflowing sources (Taljaard and 
Van Niekerk 2007).  
Dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) are 
considered to be the most important limiting macronutrients of primary producers in 
estuaries (Howarth and Marino 2006). Their effects are displayed through 
transformations during which there may not be a clear relationship between the ambient 
nutrient concentration and biological response. Instead, however, a strong relationship 
is more likely to exist between a nutrient flux and consequent biological response 
(Webster and Harris 2004; Snow and Taljaard 2007; Heisler et al. 2008).  
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2.3.6.1 Inorganic nitrogen 
The concentration of DIN is of primary concern due to its stimulatory effect on aquatic 
plants and algal growth. The input of excessive amounts of nutrients generally 
stimulates prolific primary production which often result in hypoxic conditions (Diaz 
2002; De Villiers and Thiart 2007; Heisler et al. 2008). According to DWAF (1996), DIN 
concentrations of less than 500 µg l-1 are sufficiently low to limit eutrophication (input of 
excessive amounts of nutrients which detrimentally alter the biological component of the 
system) and the occurrence of nuisance plants and algae (particularly blue green 
algae). When DIN concentrations exceed 2500 µg l-1 (Table 2), for example due to 
seepage of water high in ammonia and nitrates (typical of agricultural effluent), the 
oxygen demand increases and this coincides with a decrease in pelagic DO 
concentrations. Sources mainly include runoff from the catchment, discharge of human 
and animal excrement, agricultural fertilizers and organic industrial wastes (DWAF 
1996).  
Table 2. The concentration of DIN and corresponding trophic state (DWAF 1996) 
Trophic 
state 
DIN concentration 
mg l-1 µg l-1 
Oligotrophic < 0.5 < 500 
Mesotrophic 0.5 - 2.5 500 - 2500 
Eutrophic 2.5 - 10 2500 - 10000 
 
2.3.6.2 Inorganic phosphorus 
Similarly, DIP is an important limiting nutrient to plant growth and is considered the 
principle nutrient controlling the extent of eutrophication in aquatic systems (DWAF 
1996). In unimpacted oligotrophic systems, the concentration of DIP is typically less 
than 5 µg l-1 and seldom reaches higher values. However, concentrations greater than 
25 µg l-1 are considered eutrophic (DWAF 1996). Important sources include point-source 
discharge from domestic and industrial activities, diffused discharge (non-point sources) 
from atmospheric precipitation, urban runoff and drainage from agricultural land, 
particularly after fertilizers have been applied (DWAF 1996). Table 3 shows the DIP 
concentrations for different water column conditions. 
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Table 3. The concentration of DIP and corresponding trophic state (DWAF 1996) 
Trophic state 
DIP concentration 
mg l-1 µg l-1 
Oligotrophic < 0.005 < 5 
Mesotrophic 0.005 - 0.025  5 - 25  
Eutrophic 0.025 - 0.25 25 - 250 
 
2.3.6.3 Nutrient dynamics 
Nutrient loading in estuaries varies across spatial and temporal scales, depending 
primarily on the hydrodynamic regime of the estuary. A river’s flow regime is considered 
a major controlling factor in the availability and spatial distribution of nutrient 
concentrations in estuaries (Cloern 2001; Scharler and Baird 2003; Jickells 2005; 
Flemer and Champ 2006; Heisler et al. 2008). Flushing mechanisms and retention 
times are indirectly related to the size of the river catchment, the latter which directly 
regulates the magnitude of river inflow. According to Taljaard et al. (2009b), nutrients 
tend to behave conservatively in rapidly flushed estuaries with short retention times 
(associated with small catchments and high runoff) as opposed to the estuaries in which 
these factors are less effective. Based on this, the conceptual model (Snow and 
Taljaard 2007) proposes that during the open mouth state, DIN and DIP concentrations 
reflect that of the inflowing river and seawater. In small TOCE’s, retention times within 
the estuary are typically short due to a rapid exchange of water which effectively limits 
primary production and therefore the pelagic phytoplankton biomass is typically low. 
However, the residence time in the middle and upper reaches of larger TOCE’s is 
typically longer and, provided the availability of nutrients, effectively stimulates primary 
production. Similar to the open mouth state, DIN and DIP concentrations at the onset of 
the semi-closed state reflect that of the river and seawater. Longer residence time 
typically favour increased primary production (Snow and Taljaard 2007; Anandraj et al. 
2008). However, with an increase in primary production, a decrease in DIN and DIP 
concentrations are expected. This inverted relationship is mainly attributed to the 
biological uptake and assimilation of nutrients by, particularly, microalgae (Ohrel and 
Register 2007; Snow and Taljaard 2007). During the closed mouth state, retention times 
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are longer. This favours the growth of microalgae which rapidly increase for a short 
duration until available nutrients are depleted after which their biomass decreases 
markedly (Snow and Taljaard 2007). 
2.4 BIOTIC RESPONSE 
2.4.1 Phytoplankton biomass  
Phytoplankton (microalgae) are free floating microscopic plants (lack stems, leaves and 
roots) suspended in the water column that contain chlorophyll which enable them to 
photosynthesize (Smith and Smith 2001; Chuks and Wim 2010). Their growth is mainly 
limited by macronutrients that, in addition to micronutrients, can be readily absorbed 
from the water column and sediment (Taljaard et al. 2009a). Phytoplankton constitute a 
large proportion of aquatic primary producers and are considered a major source of 
pelagic and benthic organic material (associated with oxygen demand and supply) 
(Ohrel and Register 2006; Garofalo 2009; Chuks and Wim 2010).  
A strong relationship exists between estuarine hydrodynamics and microalgal biomass. 
The general consensus is that under low discharge and longer retention times 
(associated with closed mouth states), estuaries can support a relatively high biomass 
(Snow and Taljaard 2007; Anadraj et al. 2008; Costa et al. 2009; Taljaard et al. 2009a). 
In TOCE’s during the closed mouth states, conditions are more stable and tend to 
favour biological recovery (Anandraj et al. 2008). These conditions enable microalgae to 
reach a maximum biomass before the nutrients become very low or ultimately depleted 
(Perissinotto et al. 2003; Gama et al. 2005; Anandraj et al. 2008). The disturbance 
caused by breaching events typical of TOCE’s creates unstable conditions for the 
phytoplankton. Their biomass is considerably reduced due to flushing of the water 
column and scouring of sediment (Anadraj et al. 2008). The conceptual model 
furthermore proposes that, with nutrients received from both water bodies, the 
phytoplankton biomass is relatively low seeing that the rapid exchange of water taking 
place within the estuary does not allow for sufficient retention times to stimulate marked 
primary production (Snow and Taljaard 2007; Anadraj et al. 2008; Costa et al. 2009; 
Taljaard et al. 2009a).  
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The biomass of microalgae is partly regulated by salinity gradients (Bouvy et al. 2010). 
Seawater is generally associated with lower nutrient concentrations whereas freshwater 
inflow is associated with relatively higher nutrient loads. Therefore, phytoplankton 
biomass is expected to increase from the mouth to the upper reaches of the estuary 
(Snow and Taljaard 2007). River inflow furthermore contributes to the development of 
favourable conditions through vertical stratification which tends to retain the microalgae 
inside the estuary and consequently favours the formation of blooms (chlorophyll a > 20 
µg l-1) (Hilmer 1990; Hilmer and Bate 1991). Consequently, microalgae represent 
significant spatial and temporal variability in response to fluctuating environmental 
variables, as indicated in some TOCE’s of South Africa (Table 4). 
Table 4. Phytoplankton biomass (chlorophyll a) measured in South African temporarily 
open/closed estuaries (adapted from Adams and Bate 1999 and Snow and Bate 2009) 
Estuary 
Chlorophyll a (µg l-1) 
References 
Minimum Maximum 
Great Brak < 1 13.5 Adams and Bate 1999 
Kasouga 1.49 7.72 Froneman 2006 
Maitland 5.3 138 Gama 2008 
Mdloti 0.09 8.6 Nozais et al. 2001 
Mdloti 0.09 8.6 Perissinotto et al. 2003 
Mdloti 0.87 111 Thomas et al. 2005 
Mhlanga 0.73 303 Thomas et al. 2005 
Mngazi 0.5 25.3 Snow and Adams 2007 
Mpenjati 0.14 15.4 Perissinotto et al. 2002 
Mpenjati 0.5 11 Perissinotto et al. 2003 
Nyara 0.08 4 Walker et al. 2001 
Nyara 0.007 4.1 Perissinotto et al. 2003 
Nyara 0.08 3.1 Walker 2004 
Palmiet 2 8 Branch and Day 1984 
Palmiet < 1 < 1 Adams and Bate 1999 
Qinira 3 8 Walker 2004 
Van Stadens 0.8 13.9 Gama 2008 
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2.4.2 Phytoplankton community composition 
The abundance and species composition of phytoplankton communities are to a large 
extent regulated by nutrient availability and their tolerance to salinity gradients, in 
addition to light, temperature and grazing (Hilmer and Bate 1991; Quinlan and Phlips 
2006; Costa et al. 2009; Bouvy et al. 2010; Domingues et al. 2011). Moreover, pelagic 
phytoplankton can regulate their position by migrating vertically up and down the water 
column (by means of buoyancy and flagellae) in response to various favourable 
physical and chemical gradients e.g. zones where optimal photosynthesis can take 
place in order to enhance their growth and survival (Adams and Bate 1999; Hall 2011). 
Some groups are flagellated which enable them to readily migrate between different 
vertical zones. However, horizontal migration is mainly carried out by wind and currents 
as they cannot migrate against these turbulent forces (Dawes 1981). 
Furthermore, different physiological adaptations among phytoplankton groups allow 
them to exploit nutrients in different forms and concentrations and thus enable them to 
co-exist. According to the nutrient ratio hypothesis  different nutrient regimes regulate 
the phytoplankton community composition by selecting species as a function of their 
specific requirements because different taxonomic classes show different requirements 
for certain dissolved nutrients and their concentrations (especially N, P and Si) (Heisler 
et al. 2008). Therefore, the abundance of a specific phytoplankton group will increase in 
the presence of a preferred nutrient ratio followed by a decrease in those groups that 
are not favoured by that specific ratio (Heisler et al. 2008; Costa et al. 2009). Heisler et 
al. (2008) provide the example of diatoms that require silicon (Si) for growth whereas 
certain species of dinoflagellates require phosphorus (P) for growth. Thus, if nutrient 
loading leads to an increase in P relative to Si (i.e. a shift in stoichiometry), a shift from 
a diatom-dominated community to that of non-siliceous dinoflagellates could be 
expected over time.  
Studies have shown that nutrient over enrichment initiates changes in the phytoplankton 
community by altering the composition and species abundance (Danilov and Ekelund 
1999; Heilser et al. 2008). The community tends to be dominated by monospecific 
blooms of opportunistic, nuisance and even harmful algal blooms (HAB’s) (De Villiers 
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and Thiart 2007; Heisler et al. 2008; McQuatters-Gollop et al. 2009). Harmful algal 
blooms are of particular importance as these predominantly consist of toxin producers 
and high biomass producers (or a combination thereof). The former typically lead to 
harmful toxic conditions, even when present at low cell densities, and are principally 
responsible for human and animal health impacts. The latter is mainly responsible for 
initiating detrimental ecological impacts e.g. hypoxia (Garofalo 2009). In nutrient-
enriched waters, toxic blue green algae are often responsible for the formation of HAB ’s 
(Garofalo 2009). 
Information obtained from microalgal biomass and community composition can 
therefore significantly contribute to assessing nutrient levels in aquatic ecosystems 
(Aktan et al. 2005; Snow and Bate 2009). In South Africa, research over the last decade 
regarding microalgae has increased dramatically as focus has shifted away from the 
more traditional indicators (e.g. fish and invertebrates) that often overlook the 
importance of microalgae ecology (Snow and Bate 2009). 
2.5 IMPLICATIONS OF NUTRIENT OVER-ENRICHMENT 
Nutrient over-enrichment (eutrophication) results from the input of excessive amounts of 
nutrients which alter the chemical and biological assemblage of the receiving aquatic 
ecosystem (DWAF 1996). Estuaries, being corridors between land and sea, are the 
typical sites for the deposition of effluent mineral water and are therefore becoming 
increasingly under threat as the world population continues to increase (Smith 2003; 
Granéli and Turner 2006; Orians and Grooms 2006).  
Inorganic nitrogen and phosphorus are limiting macronutrients to primary producers. 
When these nutrients are delivered in excessive amounts, the formation of algal blooms 
is typically stimulated. This results in an increase in biomass (chlorophyll a > 20 µg l-1) 
(Hilmer and Bate 1991), to a point, enhances secondary productivity (Caddy 1993). The 
critical point, however, is that when these excessive organic loads decompose, the 
oxygen demand typically outweighs the oxygen supply (Cloern 2001; Correll 2002; 
Franco et al. 2002; Aktan et al. 2005; McQuatters-Gollop et al., 2009).  
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The health of an ecosystem affects its ability to provide society with life-supporting 
goods and services (tangible and intangible assets) (Daily et al. 1997; Van Jaarsveld et 
al. 2005; Orians and Groom 2006; Turpie 2007). Hypoxic conditions typically coincide 
with a degraded water quality (Barton and Sherwood 2004; Ohrel and Register 2007; 
Garofalo 2009) and will therefore compromise the ability of that particular system to 
provide these invaluable services. However, the effects of hypoxia is influenced by the 
duration of these conditions; long hypoxic episodes (weeks) have more severe 
consequences than short episodes (hours/days) whereas extended periods (months) 
will kill even the most tolerant species (Franco et al. 2002; Barton and Sherwood 2004; 
Becker et al. 2009).  
Bottom water hypoxia and harmful algal blooms are the most prominent symptoms of 
eutrophication (Richardson and Jorgensen 1996). However, not all estuaries display 
these symptoms. Principally, light and nutrient limitations differ among estuaries (Cloern 
1999, 2001; Taljaard et al. 2009b), therefore, if a system is nutrient limited, increased 
nutrient loading will result in increased primary production. If the system is light limited, 
however, nutrient enrichment has little effect on primary production (Yoshiama and 
Sharp 2006). Thus, nutrient concentrations should be considered separately as an 
indicator of eutrophication (Orfanidis et al. 2001; Ohrel and Register 2006; Yoshiama 
and Sharp 2006).   
2.5.1 Management considerations 
Generally, a cause-effect relationship between eutrophication and biotic response is 
accepted; however, this relationship is complex (McQuatters-Gollop et al., 2009). 
Eutrophication is only one of many estuarine ecosystem stressors and therefore does 
not act independently from other forms of disturbances, whether it is natural or 
unnatural (Flemer and Champ 2006; Heisler 2008; McQuatters-Gollop et al. 2009). The 
general consensus is that a reduction in the nutrient input leads to a decrease in e.g. 
harmful algal blooms (HAB’s) (Franco et al. 2002; Heisler et al. 2008). As the river 
inflow is considered an important regulating factor of the nutrient availability in estuaries, 
many efforts to control eutrophication have focused on regulating and monitoring the 
river inflow (Scharler and Baird 2003, Jickells 2005; Snow and Taljaard 2007; Costa et 
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al. 2009; Snow and Taljaard et al. 2009a). However, regulating diffuse discharge tends 
to be somewhat more complex than point-source discharge (e.g. river inflow). Being one 
of the leading contributors, agricultural activities readily introduce nutrient rich waters (N 
and P) to rivers and estuaries through seepage which stimulate increased biological 
activity, elevate oxygen demands and impact on the water quality of the receiving water 
body (USEPA 1993; Brennan and Culverwell 2004).  
Mee (2005; cited in McQuatters-Gollop et al. 2009) emphasize that while state 
indicators of the pelagic and benthic environments (e.g. phytoplankton biomass or 
community composition and hypoxia, respectively) may provide early warning of 
eutrophication-induced changes, information received may often be too late for 
response. For example, in the Kattegat (the sea between Sweden and Denmark), 
hypoxia did not become a prominent environmental issue until the collapse of a Norway 
lobster fishery several years after hypoxic bottom waters were first reported (Diaz 
2002). Therefore, Heisler et al. (2008) state that the most preferable management 
action includes nutrient regulation whereby HAB’s are prevented from developing 
(adaptive management) as opposed to responding to their post-establishment stage 
(deferred action).  
In the case of non-point source pollution, establishment (or re-establishment) of 
vegetative buffers (riparian zones) have been well documented to improve the quality of 
the receiving water body. Vegetative buffers can provide significant reductions in 
pollutants entering the water through infiltration, detention and assimilation by soil and 
plants. Requiring such buffers would therefore be of great benefit and reduce costly 
mitigation measures (Brennan and Culverwell 2004).  
2.6 MONITORING INDICATORS 
 “A management decision is as good as the information on which it is based”, as stated 
by McGwynne and Adams (2004). This particular information is provided by monitoring 
changes in specific indicators that reflect key physical, chemical and biological elements 
and processes (McGwynne and Adams 2004). Monitoring over an extended period of 
time provides environmental managers with invaluable baseline data. From this, 
unanticipated fluctuations can be distinguished from natural variability and amelioration 
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efforts can be implemented in an active, adaptive manner (McGwynne and Adams 
2004; Ohrel and Register 2007). According to the principles of the Intermediate 
Disturbance Hypothesis (Connell 1978), a certain amount of disturbance (physical and 
biological) is necessary for the maintenance of biodiversity of an ecosystem (Orians and 
Groom 2006). However, when the system is altered too much (excessive stress or 
simplification of natural complexity) it crosses a Threshold of Potential Concern (TPC), 
i.e.  the upper and lower limit within which a certain state is maintained, and degrades 
into a state where its ecological functionality and ability to provide ecosystem services 
are lowered (Daily et al. 1997; IUCN 2000; McGwynne and Adams 2004; Van Jaarsveld 
2005; Turpie et al. 2006). Most often, management practices are implemented in an ad-
hoc, reactive-manner thus often overlooking the causative trigger mechanisms. When 
these effects are experienced by society, the ecosystem has already been degraded 
into a state where efforts to ameliorate these conditions can be both money and time 
consuming (McGwynne and Adams 2004; McQuatters-Gollop et al. 2009).  
Microbial communities (especially bacteria and phytoplankton) are often used as 
ecological indicators because of their fast growth rates and high degree of susceptibility 
to environmental and chemical conditions (Bouvy et al. 2010; Domingues et al. 2011). 
Phytoplankton biomass (chlorophyll a) and community composition is often used as an 
indicator of nutrient over enrichment (McQuatters-Gollop et al. 2009). Thus the 
information obtained from these biological agents can significantly contribute to 
assessing the nutrient status in aquatic ecosystems (Aktan et al. 2005, Snow and Bate 
2009). According to Smith (2006; cited in Costa et al. 2009), nutrient concentrations and 
phytoplankton biomass are recognized as essential parameters in evaluating the trophic 
status in estuaries. However, cause-effect relationships are complex. Due to 
assimilation of nutrients into plant cells, the amount of nutrient loading into a water body 
could be underestimated as these nutrients are stored in the plant tissue and released 
at a later stage via decomposition and remineralisation (Taljaard et al. 2009b). Thus, 
high nutrient concentrations would be reflected by a high phytoplankton biomass 
(Heisler et al. 2008). Conversely, nutrient concentrations could be high throughout the 
water column; however, if light is limiting, primary production would effectively be limited 
even in the presence of high nutrient concentrations (Yoshiama and Sharp 2006). 
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These high concentrations would therefore not be reflected in the phytoplankton 
biomass (Taljaard et al. 2009b). Factors limiting primary production are therefore an 
important consideration and is to a large degree estuary-specific as not all systems 
display exactly the same limitations and symptoms (Cloern 1999; Yoshiama and Sharp 
2006). Yoshiama and Sharp (2006) therefore propose that nutrient concentrations 
should in itself be used as an indicator of nutrient enrichment. Nonetheless, McGwynne 
and Adams (2004) state that monitoring programmes have a greater chance of success 
if the minimum amount of indicators are used to adequately reflect key patterns and 
processes, in addition to being easily implemented in the field.  
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3.  AVAILABLE INFORMATION ON THE GOUKAMMA ESTUARY 
3. 1  ABIOTIC CHARACTERISTICS 
3.1.1 Geography and geomorphology 
The Goukamma Estuary is situated in the south-eastern region of the Western Cape 
Province of South Africa. Its main tributary, the Goukamma River, originates in the 
Outeniqua Mountains as the Homtini River. The river drains the southern slope of the 
mountain and discharges into the ocean to the west of Buffalo Bay, a small coastal town 
approximately 20 km west of Knysna. The catchment basin spans an area of 235 km2  
and forms part of the greater Gouritz Water Management Area (WMA). Only the upper 
reaches of rivers within the Gouritz WMA are considered to be in a natural and good 
ecological state while the lower reaches depict good to fair status due to upstream 
cumulative impacts (RHP 2007). According to the RHP (2007), the upper reaches of the 
Goukamma River (Homtini River) depicts a good ecological status while the status of 
the lower reaches is unknown; however, is assumed to be similar to that of the Lower 
Karatara River which depicts a good ecological status (RHP 2007).  
The Goukamma Estuary is classified as a TOCE. The estuary meanders extensively 
throughout its length (approximately 9.2 km) and the channels are relatively narrow with 
an average width of 30 – 40 m in the upper and middle reaches while widening in the 
lower reaches to a maximum width of 200 m approximately 0.9 km from the mouth. The 
narrow channels of the estuary cut into coastal sandstone (and vegetated dune fields) 
at specific locations along the middle and lower reaches which results in steep sloping 
banks on the outer bends with varying heights (> 3 m). The inner bends are gently 
sloped and constitute a fraction of the height of the opposite bend and the intertidal area 
remains narrow. The depth of the water column varies between 1 – 2 m, with localised 
deeper areas present in the middle and upper reaches (DWA 2009). The estuary mouth 
breaches at 2.5 – 3 m above mean sea level (MSL). Furthermore, the estuary has a 
high tide area of 355 000 m2 and a volume of 0.6 x 106 m3. The mean annual runoff 
(MAR) to the Goukamma Estuary has been reduced from its reference condition of 57.5 
x 106 m3 to 48.8 x 106 m3 (85 % of natural MAR) under its present state (DWA 2009). 
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3.1.2 Estuarine boundaries  
The lower reaches of the Goukamma Estuary (~ 4 km from the mouth) forms part of the 
Goukamma Nature Reserve and Marine Protected Area (MPA) which falls within the 
jurisdiction of CapeNature. The terrestrial reserve (~ 2 241 67 ha) lies adjacent to the 
MPA (~ 2 600 ha) and share a common boundary. The Goukamma Estuary spans a 
total of 270 ha of the terrestrial reserve (Figure 1). Boundaries identified for the estuary 
includes the downstream boundary (estuary mouth: 34°04’39”S; 22°57’07”E), upstream 
boundary (extent of tidal influence ~ 9.2 km from the estuary mouth 34°01’42”S; 
22°56’22”E) and lateral boundaries (5 m contour above MSL along each bank). 
3.1.3 Geology 
The Goukamma catchment mainly comprises moderate to high relief hills and 
mountains with an elevation of ~ 500 m above mean sea level. The geology consists 
mainly of hard, weather-resistant Table Mountain quartzite of the Cape Supergroup. 
The sediment weathering from this geological formation is characteristically coarse-
grained with a high silica content which consequently affects the water quality and 
sedimentology of the river and estuary (Snow and Taljaard 2007; DWA 2009).  
3.1.4 Climate and Vegetation  
The region is characterized by a Mediterranean-type climate. The mean annual 
precipitation ranges from 300 – 1000 mm occurring primarily during the winter months 
(May – August) while average daily temperatures range between 4 – 30 oC (RHP 2007). 
The wind regime for the area is dominated by south-westerly winds while strong berg 
winds are associated with winter months. The main tributary, the Goukamma River, 
spans two vegetation biomes, namely mountain Fynbos in the upper reaches and 
pockets of Afromontane Forest in the middle and lower reaches. The catchment is little 
impacted by urban settlements (DWA 2009). Forestry and agriculture (mainly cattle) 
constitute the main land use in the catchment. The upper and middle reaches of the 
estuary mainly consist of farmlands (cattle and horse) interspersed with pockets of 
indigenous vegetation and forestry plantations (mainly Pinus and Eucalyptus spp.) 
(Figure A.1 – 3). 
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Figure 1. Aerial photograph of the Goukamma Estuary indicating its relative position (CapeNature GIS database 2011)
Sedgefield 
Knysna 
Buffalo Bay 
Goukamma Estuary 
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3.2 BIOTIC CHARACTERISTICS 
The description of the biotic characteristics of the Goukamma Estuary is mostly taken 
from the ecological water requirement study of DWA (2009). This was a rapid study 
based on available data which are limited for the estuary therefore most of the 
information describes a predicted present state. 
3.2.1 Microalgae 
Phytoplankton 
The phytoplankton community of the Goukamma Estuary is likely to be dominated by 
small flagellates and diatoms, while chlorophyte cells should be present in the upper 
reaches due the inflow of river water (DWA 2009). During the closed mouth phase, 
nutrients (especially DIN and DIP) are likely to become depleted thus limiting 
microalgae growth. Consequently, the median for phytoplankton chlorophyll a 
concentrations is likely to be very low (< 1.0 µg l-1) (DWA 2009). During the marine 
dominated phase, it is expected that large marine phytoplankton taxa will be present in 
the lower reaches of the estuary while vertical stratification in the middle reaches will 
favour dinoflagellates. Following a slight increase in river inflow, freshwater diatoms and 
chlorophytes can be expected in the upper reaches. During the freshwater-dominated 
state, the estuary is fresh throughout except for slight marine intrusions at the mouth. In 
addition, the residence time is short which effectively causes the flushing of estuarine 
and marine phytoplankton from the estuary, consequently resulting in a low 
phytoplankton biomass and cell density (DWA 2009). 
Benthic microalgae 
Due to the steep-sided and narrow, channel-like nature of the Goukamma Estuary, very 
little intertidal habitat is present, most of which is dominated by marine sediment in the 
lower reaches. The Goukamma catchment mainly consists of Table Mountain quartzite 
causing sediment found within the estuary to be coarse-grained. The input of organic 
material is likely to be very low and thus the sediment will support a low biomass of 
benthic microalgae (DWA 2009).  
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3.2.2 Macrophytes 
Riparian vegetation 
Farming activities in the upper reaches have severely disturbed the riparian zone (DWA 
2009) and, presently, some areas in the middle reaches as well. Bank slumping, 
eroding banks and the presence of invasive alien plants (predominantly black wattle 
Acacia mearnsii [De Wild]) growing in the riparian zone are indicative of disturbed areas 
located throughout the upper and middle reaches of the estuary. Nutrient loading from 
agricultural effluent during low flow conditions could thus be high and consequently 
promote algal growth (DWA 2009). 
Reeds and Sedges 
The occurrence of estuarine vegetation within the Goukamma Estuary is largely 
restricted due to the steep-sided banks which limit the intertidal area. During a rapid 
survey undertaken in February 2008, reeds Phragmites australis (Cav). Trin. ex Steud 
were recorded as the dominant vegetation, which at the time were located ~ 3 – 4 km 
from the mouth (DWA 2009). During the flood of 2007, loads of debris were deposited at 
the mouth area amongst which reeds had started to grow, some reaching a length of > 
1 m in height. During the same survey, Sporobolus virginicus (L.) Kunth was located 
near the mouth region while grasses, sedges and other shrubs grew on the mobile sand 
in the same region (DWA 2009). 
Salt marshes  
No salt marsh vegetation was recorded during February 2008. In the past, salt marsh 
may have been present at the picnic site which was situated directly adjacent to the 
eastern bank in the lower reaches. In addition, the mobile dune fields may have caused 
an increased berm height and higher water levels inside the estuary during closed 
mouth conditions which would have effectively prevented the establishment of intertidal 
salt marsh (DWA 2009).  
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Submerged macrophytes 
No submerged macrophytes were recorded during February 2008. Past records indicate 
the presence of pipe fish which are normally associated with these plants (DWA 2009). 
Aerial photographs of 1936 and 1942 indicate extensive mobile dune fields on both 
sides of the mouth. Sediment movement and channel migration would create unstable 
habitats which would have reduced the opportunities for establishment and 
development of large submerged macrophyte beds (DWA 2009). 
3.2.3 Invertebrates 
No data are available on the invertebrates of the Goukamma Estuary. However, 
information listed in this section is based on assumptions related to the characteristics 
of the estuary (DWA 2009), depicting strong blackwater characteristics with very little 
intertidal habitats. 
Zooplankton 
A typically low biomass and a community composition that reflects relatively few species 
is expected for this estuary. This pattern is furthermore supported by the assumption 
that a low phytoplankton biomass will be present in the estuary (DWA 2009). 
Benthic invertebrates 
Similarly, benthic invertebrates are expected to attain a low biomass with relatively few 
species comprising the community composition. With regards to macrobenthic species, 
sand prawns Callianassa kraussi are likely to be present in the lower reaches of the 
estuary. However, mud prawns Upogebia africana are likely to either occur in low 
numbers or be absent from the estuary. This is mainly attributed to the frequency at 
which the mouth closes in summer and the absence of muddy intertidal substrata (DWA 
2009). 
3.2.4 Fish 
A total of 33 fish species have been recorded in the Goukamma Estuary (DWA 2009). 
The fish abundance and distribution along the length of the estuary is typical of 
- 33 - 
 
blackwater systems. In the lower reaches, opportunistic species (e.g. harders, Liza 
richardsoni) are dominant while in the middle reaches, a high abundance and diversity 
of estuarine-dependent species are present (e.g. white steenbras, Lithognathus 
lithognathus and Cape stumpnose, Rhabdosargus holubi) whereas species occurring in 
the upper reaches have lower salinity tolerances (e.g. freshwater mullet Myxus 
capensis). The species diversity, however, is relatively low for blackwater systems. This 
is proposed to be mainly due to the sparse and intermittent growth of submerged 
macrophytes (e.g. Zostera capensis) within the estuary (DWA 2009). Furthermore, 
sand-loving species such as the Cape sole, Heteromycterus capensis, and the Knysna 
sand gobby, Psammogobius knysnaensis, are well represented due to the sandy nature 
of the estuary and are thus able to maintain high abundances (DWA 2009). 
Of the total fish assemblage 85 % are partially or completely dependent on estuaries 
and therefore typically represent a high degree of estuarine dependency (DWA 2009). 
While exploited fish species e.g. dusky kob, Argyrosomus japonicas, tend to reflect 
coast-wide declines, the Goukamma Estuary represents little change in the fish 
assemblages from the reference condition (Lamberth 2007; DWA 2009). It has therefore 
been suggested that the Goukamma Estuary is an important nursery for fish. 
3.2.5 Birds 
Over the past 20 years, a total of 40 waterbird species have been recorded for the 
Goukamma Estuary (DWA 2009). Dominant bird species comprise gulls that are 
primarily found in the lower reaches and mouth area while terns occasionally venture up 
in the estuary. Waterfowls are dominated by Little Grebe, and Yellowbilled Ducks. 
Dominant waders comprise resident species typical of sandy habitats, e.g. African Black 
Oystercatcher and White-fronted Plover, while grassy areas and bushy banks are 
primarily inhabited by Blacksmith Lapwings and Water Thickknees, respectively. 
Migrant waders are presently rare due to the lack of suitable intertidal habitat; however, 
more species have been recorded in the past. Although the bird diversity of the estuary 
is rated average, it still reflects a good score given the relatively undisturbed nature of 
this blackwater estuary (DWA 2009). Available data regarding abiotic and biotic 
components of the Goukamma Estuary are summarized in DWA (2009). 
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3.3 THREATS AND IMPACTS 
3.3.1 Infrastructure 
The national N2 road as well as a railway bridge is situated across the head of the 
estuary while a portion of the Buffalo Bay access road runs directly adjacent to the 
estuary. In the lower reaches, the road is situated within the 5 m contour boundary 
which, according to DWA (2009), has stabilised the eastern bank. During the 2006 
flood, a large section of the access road within the 5 m contour boundary of the estuary 
was swept away. During the study period (2010 – 2011), the access road was upgraded 
at this particular site. This entailed relocating the road further from the edge of the 
estuary by about ~ 30 m from its initial location; however, still following the original 
trajectory. Furthermore, artificial mouth breaching took place in the past in order to 
facilitate maintenance to the access road and at the request of farmers whose activities 
on the floodplains were affected by raised water levels. Presently, artificial breaching 
only takes place during extreme events. No artificial breaching took place during this 
study. 
Weirs impacting on the Goukamma Estuary include one situated above and one below 
the N2 Bridge. The collective impact of these structures had reduced the extent of tidal 
variation in the upper reaches of the estuary by ~ 0.5 km (DWA 2009). The weirs 
experienced structural damage during the 2006 flood; however, the lower weir still 
effectively prevents tidal influence in the upper reaches. In addition, jetties located 
throughout the length of the estuary are relatively small and seldom extends more than 
1.5 m into the channel and may therefore have an insignificant affect on the river flow.  
3.3.2 Human exploitation (consumptive or non-consumptive) 
A possible 19 tonnes of fish are exploited from the estuary per annum via angling and 
illegal netting, the latter which may have dramatically reduced due to improved policing. 
In addition, bait collection is prohibited in the lower three kilometers of the estuary, 
which falls within the MPA while exploitation of the crab Scylla serrata takes place in the 
upper reaches (DWA 2009).  
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3.3.3 Water quantity and quality 
Off-channel water consumption constitute 78 % commercial afforestation, 9 % irrigation 
and 13 % uptake by alien vegetation (DWA 2009). Furthermore, elevated levels of 
dissolved inorganic nitrogen (DIN; fertilizers) and toxic substances (e.g. pesticides) may 
have been introduced by agricultural activities taking place in the catchment and in the 
floodplains of the estuary; however, there are little data to support this (DWA 2009).  
3.4 RECOMMENDED ECOLOGICAL RESERVE CATEGORY 
3.4.1 Present ecological status of the Goukamma Estuary 
The present ecological status of the Goukamma Estuary is described in terms of abiotic 
and biotic components in relation to that of its reference condition i.e. “the ecological 
status of the pre-impacted condition when receiving 100 % of the MAR from its 
catchment” (Adams et al. 2002). An Ecological Health Index (EHI) score is then 
generated as a measure of the present health of the estuary (Turpie 2002). 
Estuarine Health Index (EHI) score and Present Ecological Status (PES) 
Based on the present state (Table B.1), the Goukamma Estuary represents an 
ecological status of A/B (Table 5) as opposed to only A or B due to a level of confidence 
that was not achieved during the RDM assessment (DWA 2009). The estuary is 
therefore classified as “unmodified, natural” to “largely natural with few modifications”.  
Table 5. The Present Ecological Status of the Goukamma Estuary represents an A/B 
classification (DWA 2009) 
Estuarine Health 
Index score 
Present Ecological 
Status 
General description 
91-100 A Unmodified, natural 
76-90 B 
Largely natural with few 
modifications 
61-75 C Moderately modified 
41-60 D Largely modified 
21-40 E Highly degraded 
0-20 F Extremely degraded 
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Estuarine Importance  
Estuarine importance is an expression of the importance of an estuary to the 
maintenance of ecological diversity and functioning on local and wider scales. The 
Estuarine Importance score for the Goukamma Estuary, based on its present state, 
places the estuary in a “low to average importance” class (Table B.2, 3) (DWA 2009). 
Recommended Ecological Reserve Category 
Determining the Ecological Reserve Category for the Goukamma Estuary is based on 
the present health, ecological importance score and the level of protection or desired 
protection. The lower reaches of the Goukamma Estuary fall within the Goukamma 
Marine Protected Area. The Department of Environmental Affairs and Tourism (DEAT) 
Branch: Marine and Coastal Management is currently in the process of investigating the 
possibility of declaring the entire estuary part of the Goukamma Marine Protected Area 
as part of the development of a regional conservation plan for the cool and warm 
temperate estuaries. Turpie and Clarke (2007b) recommended that the Goukamma 
Estuary be included in the core set of estuaries that needs to be protected to meet 
biodiversity targets in South Africa. The conservation plan stipulates that 50% of the 
terrestrial marginal area be included as a no-development area and that the 
recommended ecological water requirement category be an A or B. The RDM study 
(DWA 2009) concluded that pressures contributing to the degraded health of the 
Goukamma Estuary are poor water quality, fishing, structures in the intertidal area and 
flow reduction. A number of these impacts can be reversed with little effort and cost 
(DWA 2009). Therefore, based on the recommended health status for a protected area 
and the ease with which this can be achieved for the Goukamma Estuary, the REC for 
the Goukamma Estuary was a “Category A” (Table 6) (DWA 2009). 
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Table 6. The recommended ecological reserve category for the Goukamma Estuary 
(DWA 2009) 
Current/desired protection status 
and estuary importance 
Recommended Ecological 
Reserve Category 
Policy basis 
Protected Area 
A or BAS* 
Protected and desired protected 
areas should be restored to and 
maintained in the best possible 
state of health 
Desired Protected Area 
Highly important PES + 1, min B 
Highly important estuaries should be 
in an A or B class 
Important PES + 1, min C 
Important estuaries should be in an 
A, B or class 
Low to average importance PES + 1, min D 
The remaining estuaries can be 
allowed to remain in a D class 
* best attainable state 
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4. MATERIALS AND METHODS 
Data were collected over a period of 13 consecutive months, from April 2010 – April 
2011. A total of nine sampling sites were assessed in the estuary and at the boundaries. 
Within the estuary, water column analyses were conducted at seven sites located 
evenly throughout its length (Figure 2). The site above the tidal head was considered 
the River Site while the near-shore marine environment was considered the Sea Site. 
The Sea Site was located within the boundaries of the Goukamma Marine Protected 
Area while Sites 1 – 3 were located within the Goukamma Nature Reserve. The 
remaining sites were located outside the reserve boundaries.  
The water column of the estuary was analysed for physico-chemical parameters, 
nutrients, total suspended solids (TSS), phytoplankton biomass and community 
composition. Physico-chemical readings were recorded at the sub-surface and 
thereafter at 0.5 m depth intervals until the bottom was reached. For the remaining 
analyses, water samples were collected at the sub-surface and near-bottom waters 
using a weighted pop-bottle. The Sea and River Site was analysed for nutrients, TSS, 
phytoplankton biomass and community composition for which only sub-surface water 
samples were collected. Furthermore, the mouth condition (open / closed / semi-closed) 
was recorded each day of sampling (Figure C.1, 2). In addition, daily rainfall 
measurements were recorded onsite at the Goukamma Nature Reserve. 
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Figure 2. Sampling sites located along the length of the Goukamma Estuary 
 
4.1 Physico-chemical parameters 
A YSI 650 MPS multiprobe was used to record pH, temperature (oC), salinity (ppt), 
electrical conductivity (EC: mS/cm-1) and dissolved oxygen (DO: mg l-1) at each 
sampling site within the estuary. The Secchi depth, a measure of turbidity, was 
measured using a Secchi disc. The Secchi depth value per site was determined by 
calculating the Secchi depth (cm) in relation to site depth and converting it to a 
percentage (%) (Astill and Lavery 2004). Thus, high % values indicate good 
visibility/transparency and a low turbidity whereas low values indicate the opposite.  
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4.2 Nutrients 
Water samples were filtered through Millipore nutrient filters (0.45 µm pore size), stored 
in 150 ml pharmaceutical bottles and frozen until analyses could commence. The 
samples were analysed for total oxidised nitrogen (TOxN) using the reduced copper 
cadmium method as described by Bate and Heelas (1975). Ammonium (NH4
+) and 
soluble reactive phosphorus (SRP) were analysed using standard spectrophotometric 
methods described by Parsons et al. (1984). All analyses were done within two weeks 
of sampling. 
4.3 Total Suspended Solids 
Total Suspended Solids (TSS) were analysed by collecting 250 ml water samples at the 
sub-surface and near-bottom layer (using a weighted pop-bottle). The water samples 
were filtered through Whatman GF/C filter paper, dried at 105 oC to constant mass and 
weighed. The filters were then ashed at 500 oC for 5 hours. The weight after ashing 
represented the total suspended sediment (expressed as µg l-1) whereas the organic 
fraction (%) was expressed as the difference in the weight before and after ashing. 
4.4 Sediment organic content 
The sediment organic content was determined by collecting sediment samples at each 
of the seven sampling sites. A sediment corer (~ 3 m in length) was used to collect the 
top 3 cm of sediment. Replicate samples (two) were taken, as far as possible, in the 
middle of the deepest channel (at the same location as all the other recordings) at each 
site. The samples were placed in plastic containers and frozen until analyses could 
commence. Analyses consisted of oven drying the samples for 24 hours at 105 oC prior 
to ashing. Ashing took place for 1 hour at 505 oC. The samples were weighed before 
and after ashing to determine the inorganic and organic content. 
4.5 Phytoplankton biomass 
Phytoplankton biomass (measured as chl-a concentrations) was measured by collecting 
water samples of 500 ml at the sub-surface and near-bottom waters at each site using a 
weighted pop-bottle. The samples were gravity-filtered through plastic Millipore towers 
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using Whatman (GF/C) glass-fibre filters and were frozen until analyses could 
commence. Chlorophyll a was extracted by placing the frozen filters into glass vials 
containing 10 ml of 95 % ethanol (Merck 4111). The samples were stored in a cool, dry 
place at 1 to 2 °C for 24 hours. After extraction, the contents of the vials were once 
again filtered and spectrophotometric determinations of chlorophyll a were performed 
according to Nusch (1980). Absorbance was measured at 665 nm before and after 
acidification with 0.1 N HCl. The following equation was used to calculate phytoplankton 
biomass:   
Chl-a (µg.l-1) = (Eb665 - Ea665) x 29.6 x (v/(Vxl)) 
Where: 
Eb665 = absorbance at 665 nm before acidification 
Ea665 = absorbance at 665 nm after acidification 
29.6 = constant calculated from the maximum acid ratio (1.7) and the specific 
absorption coefficient of  Chlorophyll a in ethanol (82 g.l-1.cm-1) 
v = volume of solvent used for the extraction (ml) 
V = volume of the sample filtered (l) 
l = path of spectrophotometer cuvette (cm) 
4.6 Phytoplankton community composition 
Water samples of 200 ml were collected from the sub-surface and near-bottom waters 
at each sampling site within the estuary. The samples were preserved with 
glutaraldehyde. The Coulon and Alexander (1972) method was used to settle 60 ml of 
the sample overnight in 26.5 mm diameter settling chambers and six drops of Rose 
Bengal were added to stain the cells. After settling, a Zeiss IM 35 inverted microscope 
was used to count and identify the microalgal groups at maximum magnification of 630x 
during which either a minimum of 200 frames (3.142 mm2 in diameter) or 200 cells were 
counted. The cells were classified according to different algal groups i.e. diatoms, 
flagellates, dinoflagellates, green and blue-green algae (cyanobacteria), and 
coccolithophorids.  
The actual counts for the different groups were calculated using the following equation 
(Snow 2000): 
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Cells.ml-1 = ((лr2)/A) x C/V 
Where: 
A = area of each frame (mm2) 
C = number of cells in each frame 
V = volume of sample in settling chamber (ml) 
4.7 Statistical Analysis 
Data were analysed using  Statistica (Version 8). After testing the data for normality and  
homogeneity of variance, one-way ANOVA was used to compare significant differences 
between parametric data sets (abiotic and biotic parameters for open and closed mouth 
states) followed by a post hoc Tukey’s test for multiple comparisons. For non-parametric 
data (Secchi depth and water transparency for open and closed mouth states), the 
Mann-Whitney Rank Sum test was used for the comparison of two data sets. Spearman 
Rank Order Correlation (non-parametric) and Pearson’s Product Moment Correlation 
(parametric) was used to test the strength of the association between variables. Linear 
regression was used to determine the relationship between certain abiotic parameters 
(salinity, DO and water depth). All analyses were done at α = 0.05. 
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5. RESULTS 
5.1 RAINFALL AND MOUTH STATES 
The mouth state of the Goukamma Estuary was recorded on the day of sampling. 
During the 13 month study period, eight open and five closed mouth states were 
recorded. Semi-closed mouth states were not recorded as tidal exchange was apparent 
even during low tide. Tidal exchanges were limited due to the constricted nature of the 
mouth inlet.   
Local rainfall recorded at the Goukamma Estuary showed that the region received 
predominantly below average rainfall compared to historical values (Figure 3). The 
mouth state of the Goukamma Estuary was however significantly correlated with the 
amount of rainfall. Open mouth states were associated with rainfall greater than ~ 48 
mm (p < 0.05) and closed states with lower rainfall (~ 27.6 mm; p < 0.05). In 2010, 
closed mouth states included April (12.5 mm), May (25 mm) and September (18.5 mm). 
In 2011, closed mouth states were recorded in months with comparatively higher 
rainfall, including February (33.7 mm) and March (48.5 mm). These two months were 
also associated with high water levels (~ 1.5 m) inside the estuary. In April 2011 there 
was an open mouth state with 6 mm of rainfall recorded. Other months during which 
open mouth states were recorded, included June 2010 (75 mm), July 2010 (68 mm), 
August 2010 (69 mm), October 2010 (70 mm), November 2010 (44 mm), December 
2010 (30 mm) and January 2011 (22.3 mm).  
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Figure 3. Historical rainfall (April 1878 – April 2009; mean + SE) and recent rainfall 
recorded for the Goukamma Estuary (arrows indicate closed mouth states during 2010 - 
2011) 
 
5.2 PHYSICO-CHEMICAL PARAMETERS 
5.2.1 Salinity 
Salinity showed a significant difference between months (F = 78.63; p < 0.05; n = 499) 
and mouth states (F = 79.54; p < 0.05; n = 499). During the open mouth state, salinity 
ranged between 0 – 33.4 ppt (~ 14.5 ± 0.6 ppt; n = 301). October 2010 (~ 25.2 ppt) and 
November 2010 (~ 25.5 ppt) had the months with the highest salinity while the lowest 
salinity was recorded in January 2011 (~ 3.6 ppt). During the closed mouth state, 
salinity ranged between 0.1 – 23.8 ppt (~ 6.9 ± 0.4 ppt; n = 198). September 2010 had 
the highest salinity (~ 14.6 ppt) while the lowest salinity was recorded in February 2011 
(~ 3.1 ppt) (Figure 4). 
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Furthermore, there was a significant difference in salinity during the first half (May 2010 
– November 2010) and second half (December 2010 – April 2011) of the study period 
(F = 250.8; p < 0.05; n = 499). Significantly higher salinities were recorded during the 
first half of the study period (p < 0.05) which ranged between 0 – 33.4 ppt (~ 15.9           
± 0.5 ppt; n = 318) while during the second half, salinities ranged between 0 – 26.7 ppt 
(~ 3.8 ± 0.3 ppt; n = 181).  
With respect to stratification, the bottom layer was significantly more saline than the 
surface layer during both open (F = 19.19; p < 0.05; n = 112) and closed (F = 9.23; p < 
0.05; n = 56) mouth states. Salinity values recorded within the surface layer (≤ 0.5 m) 
showed a significant negative correlation with distance from mouth during both open   
(r2 = -0.28; p < 0.05; n = 56) and closed states (r2 = -0.43; p < 0.05; n = 28). Bottom 
values (≥ 1 m below the surface) showed no significant horizontal gradients (p > 0.05); 
however, higher salinity was recorded at the deeper sites in the middle and upper 
reaches of the estuary (Table 7, Figure 5). Furthermore, there was a significant positive 
correlation between salinity and depth during the open (R = 0.39; R2 = 0.16; p < 0.05; n 
= 303) and closed mouth states (R = 0.44; R2 = 0.18; p < 0.05; n = 198) (Figure 6).  
Table 7. Maximum depths (cm) recorded along the length of the estuary during both 
open and closed mouth states 
Distance from 
mouth (km) 
Open Closed 
 0.15 205 200 
1.4 286 288 
2.6 389 411 
4.1 490 554 
5.9 410 485 
7.1 355 435 
8.2 271 270 
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Figure 4. Different salinity regimes recorded during the open mouth states (a, b) and the closed mouth states (c), with the 
exclusion of April 2010 (horizontal bars represent mean values) 
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Figure 5. Horizontal and vertical salinity gradients represented during the open (a) and 
closed (b) mouth state (mean + SE) 
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Figure 6. Salinity stratification with depth (p < 0.05) during the open (a) and closed (b) 
mouth state  
R² = 0.1832
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5.2.2 Temperature 
Water temperatures differed significantly between months (F = 337; p < 0.05; n = 500). 
The lowest mean temperature was recorded in July 2010 (~ 13.4 oC) and the highest in 
February 2011 (~ 25.4 oC) (Figure 7a). Temperatures represented a seasonal pattern, 
with the lowest values recorded during winter and the highest during summer. Winter 
temperatures (April – October 2010, April 2011) ranged between 10.2 – 24 oC (~ 17.8 ± 
0.14 oC; n = 316) while summer temperatures (November – December 2010, January - 
March 2011) ranged between 21.2 – 25.2 oC (~ 22.9 ± 0.12 oC; n = 229) (Figure 7b). 
Compared between the mouth states, temperatures also differed significantly (F = 
91.29; p < 0.05; n = 541). Higher temperatures which ranged between16.1 oC – 30 oC 
(~ 21.49 ± 0.41 oC; n = 70) were recorded during the closed mouth state (p < 0.05) while 
temperatures during the open state were lower and ranged between 10.2 oC – 24.1oC 
(~ 18.83 ± 0.33 oC; n = 112) (Figure 7c). 
Only during the closed mouth state did temperature show a positive correlation with 
distance from mouth (R = 0.27; p < 0.05; n = 240) and differed significantly between 
sites (F = 3.14; p < 0.05; n = 240). The highest temperature was recorded at Site 7 (~ 
22.5) and the lowest at Site 1 (~ 19.6) the lowest. Furthermore, temperatures were 
negatively correlated with salinity during both open (R = -0.24; p < 0.05; n = 303) and 
closed mouth states (R = -0.59; p < 0.05; n = 198). 
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Figure 7. Water temperature showed a significant variation among months (a), seasons 
(b) and mouth states (c) 
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5.2.3. pH 
There was a significant difference in pH between months (F = 181.5; p < 0.05; n = 541). 
pH of the water column was lowest in June 2010 (~ 5.7 ± 0.03) and July 2010 the 
highest (~ 8.1 ± 0.02). Mean monthly pH ranged between 5.4 and 8.4 with an average 
of 7.2 (± 0.03; n = 499) (Figure 8a).  
pH was negatively correlated with distance from mouth (R = - 0.25, p < 0.05; n = 541) 
and also showed a significant difference between sites (F = 6.26; p < 0.05; n = 541). 
The highest pH was recorded at Site 2 (~ 7.5; 1.4km) and the lowest at Site 7 (~ 6.9;  
8.2 km) (Figure 8b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. pH displayed slight temporal variation among months (a) and a significant 
longitudinal gradient (b) along the length of the estuary 
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5.2.4 Dissolved oxygen  
There were significant variations in the concentration of DO across seasons (F = 4.58; p 
< 0.05; n = 499). Winter months had higher concentrations than summer months (p < 
0.05). However, DO concentrations showed no significant difference between mouth 
states (p > 0.05). 
DO concentrations showed marked vertical and horizontal gradients throughout the 
study period. There were significant differences between the surface (≤ 0.5 m) and 
bottom (≥ 1 m) layers during the open (F = 33.13; p < 0.05; n = 112) and closed mouth 
states (F = 55.4; p < 0.05; n = 56), with higher DO concentrations in the surface layer (p 
< 0.05) during both mouth states. Longitudinal DO gradients were negatively correlated 
with distance from the mouth during both open (R = - 0.18; p < 0.05; n = 301) and 
closed mouth states (R = - 0.34; p < 0.05; n = 198).  
During the open state, DO concentrations in the surface layer did not differ significantly 
between sites, but  bottom layers showed a significant difference (F = 10.58; p < 0.05; n 
= 56). Post hoc analyses revealed that Site 1 (~ 7.1 mg l-1) had the highest DO 
concentration and S6 (~ 2 mg l-1) the lowest. Sites with DO concentrations less than  3 
mg l-1 were recorded from 4.1 to 7.1 km from the mouth (S4 to S6). During the closed 
mouth state, DO concentrations in the surface layer did not differ significantly between 
sites, but bottom layers showed a significant difference (F = 13.39; p < 0.05; n = 28). 
Similar to the open state, post hoc analyses indicated that Site 1 (~ 7.5 mg l-1) had the 
highest DO concentration and Site 6 (~ 1.63 mg l-1) the lowest. Sites with DO 
concentrations less than 3 mg l-1 were recorded from 4.1 to 8.2km from the mouth (S4 
to S7) (Figure 9). 
During the open state, surface DO concentrations (≤ 0.5 m) ranged between 0.6 and 
10.5 mg l-1 (~ 6.2 ± 0.2 mg l-1; n = 111) and bottom layers (≥ 1 m) ranged between 0 and            
8.5 mg l-1 (~ 3.2 ± 0.2 mg l-1; n = 196). Hypoxic (< 3 mg l-1) values were recorded 
occasionally (10.8 % [of the time]) within the surface layer (primarily during June 2010) 
while in the bottom layer, hypoxic conditions were often encountered (48 %). During the 
closed mouth state, surface DO concentrations ranged between 4.6 to 9.8 mg l-1          
(~ 7.6 mg l-1 ± 0.2; n = 56) while bottom layers ranged between 0 and 9.7 mg l-1                             
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(~ 3 ± 0.2 mg l-1; n = 142). Hypoxic conditions were not recorded within the surface 
layer, but occurred 60.6 % of the time within the bottom layer.   
DO concentrations decreased significantly with depth during both open (R = -0.58; p < 
0.50; n = 198) and closed mouth states (R =  -0.8; p < 0.05; n = 301) (Figure 10). The 
frequency of occurrence of hypoxic conditions (%) at different depths are indicated in 
Figure 11. During the open mouth state, the maximum depth was recorded at 4.9 m and 
hypoxic conditions were recorded 100 % of the time at a depth of 4.5 m. During the 
closed state, the maximum depth was recorded at 5.5 m and hypoxic conditions were 
recorded 100 % of the time at depths of 3.5 – 5.5 m. 
Moreover, DO concentrations decreased significantly with increasing salinity during both 
open (R = -0.5; R2 = 0.33; p < 0.05; n = 303) and closed mouth states (R =  -0.25; R2 = 
0.63; p < 0.05; n = 198) (Figure 12). However, DO concentrations showed no significant 
difference between the first and second half of the study period (p > 0.05). Correlations 
are indicated in Tables D.1, 2. 
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Figure 9. Concentrations of DO during the open (a) and closed (b) mouth states (mean 
+ SE) 
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Figure 10. Variation of DO concentrations with depth during the open (a) and closed (b) 
mouth state 
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Figure 11. The occurrence of hypoxic conditions (%) at different depths during the open 
and closed mouth states 
 
 
 
 
 
 
 
 
 
Figure 12. Variation of DO concentrations with salinity during the open (a) and closed 
(b) mouth states 
 
  
-2
0
2
4
6
8
10
12
0 5 10 15 20 25 30 35
D
O
 (
m
g
 l
-1
)
Salinity (ppt)
a)
surface <1m bottom ≥ 1m
-2
0
2
4
6
8
10
12
0 5 10 15 20 25 30 35
D
O
 (
m
g
 l
-1
)
Salinity (ppt)
b) surface <1m bottom ≥ 1m
0
10
20
30
40
50
60
70
80
90
100
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
H
y
p
o
x
ia
: 
fr
e
q
u
e
n
c
y
 o
f 
o
c
c
u
re
n
c
e
 (
%
)
Depth (m)
Open Closed
- 57 - 
 
5.2.5 Turbidity and water transparency 
Transparency of the water column differed significantly between months (F = 3.12; p < 
0.05; n = 91) (Figure 13). Transparency of the water column did not vary significantly 
between mouth states (p > 0.05); however, it was significantly negatively correlated with 
distance from the mouth. Transparency decreased from the lower reaches towards the 
middle and upper reaches of the estuary during both open (r2 = -0.5; p < 0.05; n = 56) 
and closed mouth states (r2 = -0.55; p < 0.05; n = 35). Water column transparency 
varied significantly between sites (F = 13.19; p < 0.05; n = 91). During the study, Site 1 
had the highest transparency (lowest turbidity) while Sites 4 and 6 had the lowest 
(highest turbidity) water column transparence during the open and closed states, 
respectively. Generally, clearer conditions prevailed in the lower reaches of the estuary 
during both open and closed mouth states (Figure 14). Moreover, the Secchi depths 
during both mouth states are illustrated in Figure 15. There was a significant difference 
in Secchi depths between open and closed mouth states (F = 6.93; p < 0.05; n = 91) 
with greater depths recorded during the closed mouth state which coincided with higher 
water levels. 
 
 
 
 
 
 
 
 
 
Figure 13. Monthly water column transparency (Secchi depth in relation to actual site 
depth [%]) along the length of the estuary during the study 
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Figure 14. Water column transparency along the length of the estuary during both open 
and closed mouth states 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Secchi depth and maximum depth at sites along the length of the estuary 
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5.2.6 Total suspended sediment  
Total suspended sediment 
There were no significant differences in total suspended solids (TSS) between mouth 
states (p > 0.05). Concentrations were low throughout the study period and never 
exceeded 500 µg l-1. During the open mouth state, TSS concentrations ranged between 
83 and 478 µg l-1 (~ 146 ± 7 µg l-1; n = 128) and between 83 to 318 µg l-1 (~ 154 ±          
9 µg l-1; n = 80) during the closed mouth state (Figure 16). Similarly for the organic 
fraction, there was no significant difference in organic material concentrations of the 
water column between mouth states (p > 0.05). However, the organic material 
concentrations in the water column decreased with distance from mouth (R = - 0.33; p < 
0.05; n = 208) (Figure 17). 
 
 
 
 
 
 
 
 
 
 
Figure 16. Concentration of TSS along the length of the estuary (mean + SE) 
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Figure 17. Organic fraction of TSS recorded along the length of the estuary (mean + 
SE) 
 
5.2.7 Sediment organic content 
There was a significant positive relationship between the percentage of organic material 
(in relation to the total sediment weight %) and distance from mouth (R2 = 0.29; p < 
0.05, n = 98). There was also a significant difference between sites (F = 13.16; p < 0.05; 
n = 98) with the highest sediment organic content (%) at S6 (~ 8.4 %) and the lowest at 
S2 (~ 1.4 %) (Figure 18). 
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Figure 18. The sediment organic content (%) along the length of the estuary during 
October 2010 – April 2011 (mean + SE) 
 
5.3 Nutrients 
5.3.1 Soluble Reactive Phosphorus (SRP)  
Soluble reactive phosphorus (SRP) concentrations varied significantly across the 
different sampling months (F = 2.41; p < 0.05; n = 208). The highest SRP 
concentrations were recorded in July 2010 (~1.3 µM) and the lowest in August 2010    
(~ 0.2 µM) (Figure 19). There were no significant differences in SRP concentrations 
between mouth states (p > 0.05; n = 208). The surface SRP concentrations were 
significantly higher during the open mouth state (F = 10.58; p < 0.05; n = 117) (Figure 
20). Bottom concentrations showed no significant difference between mouth states (p > 
0.05) (Figure 21).  
During the open mouth state SRP concentrations ranged between 0.1 and 4.9 µM       
(~ 0.7 ± 0.1 µM; n = 128). There was a significant positive correlation between SRP 
concentrations and distance from the mouth (R = 0.25; p < 0.05; n = 128) and a 
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significant difference between sites (F = 2.59; p < 0.05; n = 128). The highest 
concentration was recorded at Site 7 (~ 1.1 µM) and the lowest at Site 1 (~ 0.5 µM) 
(Figure 21). During the closed mouth state, SRP concentrations ranged between 0.2 
and 7.9 µM (~ 0.8 ± 0.2 µM; n = 80). Concentrations showed neither a significant 
correlation with distance from mouth nor a difference between sites. However, Site 6 (~ 
1.7 µM) had the highest concentrations and Site 1 (~ 0.4 µM) the lowest (p > 0.05).  
 
5.3.2 Total oxidized nitrogen (TOxN) 
Total oxidized nitrogen (TOxN) concentrations varied significantly across the sampling 
months (F = 29.68; p < 0.05; n = 208) with the highest values recorded in July 2010      
(~ 30.6 µM) and the lowest in September 2010 (~ 1.1 µM) (Figure 22). There was a 
significant difference in TOxN concentrations between mouth states (F = 38.74; p < 
0.05; n = 208) with higher concentrations recorded during the open mouth state, in both 
surface and bottom layers of the water column (p < 0.05) (Figure 23, 24).  
During the open mouth state, TOxN concentrations ranged between 0.9 and 54.9 µM (~ 
11.5 ± 1 µM; n = 128). There was neither a significant correlation with TOxN 
concentrations and distance from mouth nor a significant difference between sites (p > 
0.05). During the closed mouth state, TOxN concentrations ranged between 0.2 and 
18.4 µM (~ 3.5 ± 0.31 µM; n = 80). Similarly, there was neither a significant correlation 
with TOxN concentrations and distance from mouth nor a significant difference between 
sites (p > 0.05).   
 
5.3.3. Ammonium (NH4
+) 
Ammonium (NH4
+) concentrations differed significantly across sampling months (F = 
1.89; p < 0.05; n = 208) with the highest NH4 concentrations recorded in September 
2010 (~ 14.3 µM) and the lowest in March 2011 (~ 1.7 µM) (Figure 25). There was no 
significant difference in NH4
+ concentrations with mouth states (p > 0.05).  
During the open mouth state, NH4
+ concentrations ranged between 0.1 and 58.8 µM (~ 
7.2 ± 0.8 µM; n = 128). There was a significant positive correlation between NH4+ 
concentrations and distance from mouth (R = 0.18; p < 0.05; n = 128) but no significant 
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difference between sites (p > 0.05; n = 128). Concentrations of NH4
+ did, however, 
increased from the River (~ 3.4 µM) to Site 7 (~ 8.7 µM) and peaked at Site 5 where the 
highest NH4
+ concentration (~ 12.2 µM) was recorded. The lowest NH4
+ concentration 
was recorded at Site 1 (~ 4.7 µM) (Figure 26). Furthermore, NH4
+ concentrations in the 
bottom water (~ 10.6 µM) were significantly greater (p < 0.05) than those of the surface 
water (~ 4.6 µM) (Figure 27).  
During the closed mouth state, NH4
+ concentrations ranged between 0.1 and 129.2 µM 
(~ 8.5 ± 1.9 µM; n = 80). There was a significant positive correlation with distance from 
mouth (R = 0.24; p < 0.05; n = 80), but there were no significant differences between 
sites (p > 0.05; n = 80). NH4
+ concentrations increased from the River (~ 11.5 µM) to 
Site 7 (~ 17.6 µM) decreased gradually towards the mouth of the estuary (Figure 26). 
Surface and bottom values showed no significant differences (Figure 27).  
 
5.3.4 Dissolved inorganic nitrogen (DIN) 
Average dissolved inorganic nitrogen concentrations (DIN; total of TOxN + NH4
+) 
differed significantly between mouth states (F = 8.38; p < 0.05; n = 208), with higher 
concentrations recorded during the open mouth state (~ 18.5 µM) and lower 
concentrations during the closed mouth state (~ 12.3 µM). During the open mouth state, 
DIN concentrations ranged between 1.5 and 63.3 µM (~ 18.5 ± 1.21 µM; n = 128) while 
during the closed mouth state, concentrations ranged between 1.3 and 133.3 µM         
(~ 12.3 ± 1.9 µM; n = 80) (Figure 28).  
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Figure 19. Monthly SRP concentrations during the study period (mean + SE) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Vertically averaged SRP concentrations along the length of the estuary 
during the open and closed mouth states (mean + SE) 
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Figure 21. Concentration of SRP in the surface (a) and bottom (b) layers during the 
open and closed mouth states (mean + SE) 
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Figure 22. Monthly TOxN concentrations during the study period (mean + SE) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Vertically averaged TOxN concentrations during both open and closed mouth 
states (mean + SE) 
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Figure 24. Concentration of TOxN in the surface (a) and bottom (b) layers during the 
open and closed mouth states (mean + SE) 
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Figure 25. Monthly NH4
+ concentrations during the study period (mean + SE) 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. Vertically averaged NH4
+
 concentrations during the open and closed mouth 
states (mean + SE) 
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Figure 27. Concentration of NH4
+ in the surface (a) and bottom (b) layers during the 
open and closed mouth states (mean + SE) 
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Figure 28. Vertically averaged DIN concentrations along the length of the estuary during 
the open and closed mouth states (mean + SE) 
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5.4 Phytoplankton biomass  
Phytoplankton biomass, measured as chlorophyll a concentrations, varied significantly 
across the sampling months (F = 3.63; p < 0.05; n = 208), with the highest values 
recorded in April 2010 (~ 44.9 µg l-1) and the lowest in July 2010 (~ 1.3 µg l-1) (Figure 
29). Furthermore, there was a significant difference in chlorophyll a concentrations and 
mouth states (F = 12.04; p < 0.05; n = 208). Higher concentrations were recorded 
during the closed mouth states (~ 21.1 µg l-1) and lower concentrations during open 
mouth states (~ 7.7 µg l-1).    
During the open mouth state, chlorophyll a concentrations ranged between 0.3 –       
112 µg l-1 (~ 7.7 ± 1.3 µg l-1; n = 128). Concentrations of chlorophyll a showed neither a 
significant correlation with distance from mouth nor significant difference between sites 
(p > 0.05) (Figure 30). Furthermore, there was no significant difference between surface 
and bottom chlorophyll a concentrations (p > 0.05; n = 128) (Figure 31). However, 
microalgal blooms (> 20 µg l-1) were occasionally recorded within the surface and 
bottom layers, with concentrations ranging between 20.1 and 112 µg l-1 (± 9.1 µg l-1; n = 
11) and 22.2 to 39.2 µg l-1 (± 5.6 µg l-1; n = 3), respectively.       
During the closed mouth state, chlorophyll  concentrations ranged between 0.8 – 289.4 
µg l-1 (~ 21.1 ± 4.4 µg l-1; n = 80). Concentrations of chlorophyll a showed a significant 
positive correlation with distance from mouth (R = 0.28; R2 = 0.08; p < 0.05; n = 80). 
The highest concentration was recorded at Site 6 (~ 54.8 µg l-1) and the lowest at the 
Sea Site (~ 4.71 µg l-1) (Figure 30). Furthermore, there was no significant difference 
between surface and bottom concentrations (p > 0.05) (Figure 31). However, microalgal 
blooms (> 20 µg l-1) were occasionally recorded within the surface and bottom layers, 
with concentrations ranging between 20.3 to 53.9 µg l-1 (± 4.3; n = 8) and 27.4 to             
289.4 µg l-1 (± 31; n = 8) for surface and bottom layers, respectively. Sites which 
represented a biomass of > 20 µg l-1 included the River Site (~ 33.2 µg l-1), Site 7          
(~ 23.8 µg l-1), Site 5 (~ 21 µg l-1) and Site 3 (~ 20 µg l-1). Correlations are indicated in 
Tables D.3, 4. 
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Figure 29. Monthly phytoplankton biomass (chlorophyll a) during the study period (mean 
+ SE)  
 
 
 
 
 
 
 
 
 
 
 
Figure 30. Vertically averaged phytoplankton biomass (chlorophyll a) along the length of 
the estuary during the open and closed mouth states (mean + SE) 
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Figure 31. Phytoplankton biomass (chlorophyll a) in the surface (a) and bottom (b) 
layers during the open and closed mouth states (mean + SE) 
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5.5 Phytoplankton community composition 
The following phytoplankton groups were recorded throughout the study period: 
diatoms, flagellates, dinoflagellates, coccolithophorids, green algae and blue-green 
algae. Unidentified species were labeled “unknown”. The dominant phytoplankton 
groups recorded were summarized based on open mouth states (Table 8) and closed 
mouth states (Table 9). Monthly phytoplankton community composition and biomass are 
presented in Figures 32 – 35.  
During the open mouth state, there was a significant difference between phytoplankton 
groups based on cell density (F = 4.9; p < 0.05; n = 1024). Post hoc analyses showed 
that blue-green algae were dominant (~ 10424 cells ml-1) followed by flagellates (~ 1741 
cells ml-1). The groups that were the least represented included green algae                 
(~ 80 cells ml-1) and coccolithophorids (~ 27 cells ml-1).  
In particular, there was a positive correlation between the abundance of blue green 
algae and distance from the mouth (R = 0.22; p < 0.05; n = 128). There was also a 
significant difference in their abundance between sites (F = 2.8; p < 0.05; n = 128). The 
River Site had the highest cell density  of blue green algae (p < 0.05) which corresponds 
to the significant negative correlation with salinity (p < 0.05) and positive correlation with 
TOxN (p < 0.05). Blue green algae cell decreased towards the lower saline reaches; 
however, peaked at Site 2 (~ 5933 cells ml-1). In this region, prolific growth of the 
macroalgae Cladophora glomerata (Linnaeus Kützing) as well as slight nutrient peaks 
had also been observed during previous sampling occasions.  
During the closed mouth state, there was a significant difference between phytoplankton 
groups (F = 2.3; p < 0.05; n = 640). Post hoc analyses revealed that flagellates (~ 4902 
cells ml-1) and diatoms (~ 2230 cells ml-1) were dominant. The groups that were the 
least represented included green algae (~ 30 cells ml-1) and coccolithophorids (~ 23 
cells ml-1).  
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Table 8. Dominant phytoplankton groups recorded along the length of the estuary 
during the open mouth state (bold indicates bloom-forming species [chlorophyll a > 20 
µg l-1]) 
 
Table 9. Dominant phytoplankton groups recorded along the length of the estuary 
during the closed mouth state (bold indicates bloom-forming species [chlorophyll a > 20 
µg l-1]) 
  
Open mouth states 
Distance 
from mouth 
(km) 
Jun 2010 Jul 2010 Aug 2010 Oct 2010 Nov 2010 Dec 2010 Jan 2011 Apr 2011 
0 
Flagellates Flagellates Flagellates Flagellates 
Blue green 
algae 
Diatoms Flagellates Flagellates 
0.15 Blue green 
algae 
Flagellates Flagellates Flagellates Flagellates 
Blue green 
algae 
Big 
flagellates 
Blue green 
algae 
1.4 
Flagellates Flagellates Flagellates Flagellates Flagellates 
Blue green 
algae 
Big 
flagellates 
Diatoms 
2.6 Flagellates Flagellates Flagellates Flagellates Flagellates Dinoflagellates Flagellates Flagellates 
4.1 
Flagellates Flagellates Flagellates Flagellates Flagellates 
Blue green 
algae 
Blue green 
algae Flagellates 
5.9 Blue green 
algae 
Blue green 
algae 
Flagellates Flagellates 
Big 
flagellates 
Blue green 
algae 
Blue green 
algae Flagellates 
7.1 Blue green 
algae 
Blue green 
algae 
Blue green 
algae 
Blue green 
algae 
Big 
flagellates 
Blue green 
algae 
Blue green 
algae Flagellates 
8.2 Blue green 
algae 
Blue green 
algae 
Blue green 
algae 
Flagellates 
Big 
flagellates 
Blue green 
algae 
Blue green 
algae Flagellates 
8.9 Blue green 
algae 
Blue green 
algae 
Blue green 
algae 
Blue green 
algae 
Blue green 
algae 
Flagellates Flagellates 
Blue green 
algae 
Closed mouth states 
Distance from 
mouth (km) 
Apr 2010 May 2010 Sept 2010 Feb 2011 Mar 2011 
0 Flagellates Flagellates Flagellates Flagellates Blue green algae 
0.15 Flagellates Flagellates Diatoms Flagellates Flagellates 
1.4 Flagellates Flagellates Diatoms Flagellates Flagellates 
2.6 Flagellates Diatom Diatoms Flagellates Flagellates 
4.1 Flagellates Diatom Diatoms Flagellates Blue green algae 
5.9 Flagellates Flagellates Flagellates Blue green algae Flagellates 
7.1 Flagellates Blue green algae Flagellates Blue green algae Blue green algae 
8.2 Blue green algae Flagellates Diatoms Flagellates Blue green algae 
8.9 Blue green algae Unknown Flagellates Flagellates Blue green algae 
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Figure 32. Phytoplankton community composition (relative abundance) and 
corresponding phytoplankton biomass (chlorophyll a; mean + SE) recorded during the 
open mouth states (June 2010 – October 2010) 
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Figure 33. Phytoplankton community composition (relative abundance) and 
corresponding phytoplankton biomass (chlorophyll a; mean + SE) recorded during the 
open mouth states (November 2010 – January 2011, April 2011) 
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Figure 34. Phytoplankton community composition (relative abundance) and 
corresponding phytoplankton biomass (chlorophyll a; mean + SE) recorded during the 
closed mouth states (April 2010 – May 2010, September 2010,  February 2011) 
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Figure 35. Phytoplankton community composition (relative abundance) and 
corresponding phytoplankton biomass (chlorophyll a; mean + SE) recorded during the 
closed mouth states (March 2011) 
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6. DISCUSSION 
Abiotic mouth states 
South African microtidal TOCE’s are typically characterized by the dynamic fluctuation 
in salinity and water level in response to the magnitude of river inflow (Harrison 2004; 
Snow and Taljaard 2007). Long and cross-shore sediment movement influenced by 
wind and wave action together with periods of low rainfall and river inflow cause the 
mouth of the estuary to close. Conversely, during high river inflow when the water level 
exceeds the height of the berm, the mouth breaches and the estuary reverts to an open 
state (Cooper 2001; Snow and Taljaard 2007). During this study (April 2010 – April 
2011) the Goukamma Estuary was predominantly in an open mouth state despite of the 
region being in a relatively dry period. Open mouth states mainly coincided with rainfall 
greater than ~ 48 mm and consequently, higher river inflow. According to Taljaard et al. 
(2009a), this a typical response of small TOCE’s. Closed mouth states, on the other 
hand, were mainly recorded during periods of low rainfall (less than ~ 28 mm), except 
for February 2011 and March 2011 when the mouth remained closed after experiencing 
high rainfall, probably because the rainfall was localised to the estuary and not the 
catchment. During the latter half of the study period, the mouth had shifted ~ 100 m 
landwards from its original position which resulted in an even more constricted inlet. 
This, together with marine sediment movement (due to high wave energy), could have 
resulted in the mouth closing quicker during low river inflow and remaining closed for 
longer periods (Cooper 2001). The high water levels observed in February 2011 and 
March 2011 could therefore have been attributed to the fact that the estuary resided 
predominantly in an open state in January 2011 (during which the water level was low). 
Localised rainfall (not in the catchment), together with a high berm and a shift in the 
mouth inlet, enabled the mouth to remain closed in response to above average rainfall. 
Salinity 
Estuarine hydrodynamics (especially the magnitude of river inflow) is the most 
fundamental factor influencing the spatio-temporal variability in physico-chemical 
parameters, including salinity gradients (Bate et al. 2002; Snow and Taljaard 2007; 
Elsdon et al. 2009; Tajlaard et al. 2009a). According to Whitfield et al. (2008), the type 
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of mouth breaching event also plays an important role in the subsequent salinity regime. 
A deep mouth breach in combination with a high river inflow and strong tidal influence 
will result in high salinities whereas a shallow breach with low river inflow will lead to 
lower salinities at the time of mouth closure (Whitifeld et al. 2008). In the Goukamma 
Estuary, different salinities were recorded for each mouth state which resulted in unique 
monthly salinity regimes. The difference in average monthly salinity concentrations were 
the greatest for open mouth states with the highest average salinity recorded in 
November 2010 (~ 23.8 ppt). This was mainly due to a spring tidal cycle which 
coincided with a high river inflow following a high rainfall event and caused a deep 
mouth breaching event, allowing for sufficient tidal exchange. During the second half of 
the study (December 2010 – April 2011), the mouth inlet had shifted ~ 100 m west of its 
original position which resulted in an even more constricted channel. This, according to 
Whitfield et al. (2008), should influence the subsequent salinity regime. During this 
period, salinities were significantly lower compared to the first half of the study. The 
constricted inlet therefore limited tidal intrusion which, in addition to a sustained river 
inflow, resulted in relatively lower salinities during the second half of the study.  
Moreover, the generally higher salinity concentrations in the Goukamma Estuary during 
the open mouth state are consistent with the model of Snow and Taljaard (2007) for 
warm-temperate estuaries. Salinity concentrations during closed states are mainly 
influenced by the magnitude of river inflow, rate of evaporation and introduction of 
seawater via overtopping of the berm (Harrison 2004; Snow and Taljaard 2007). The 
estuary can either become hypersaline if these conditions prevail, or hyposaline 
provided there is sufficient river inflow (Harrison 2004; Snow and Taljaard 2007). The 
Goukamma River provided a sustained flow into the estuary which resulted in the 
development of less saline conditions during the closed states.  
The Goukamma Estuary showed strong horizontal and – moderate vertical stratification 
in both open and closed mouth states during the study as the river provided a sustained 
freshwater input into the estuary. A longitudinal salinity gradient was prominent within 
the surface layer (≤ 0.5 m) of the water column i.e. there was an increase in salinity 
from the head to the mouth of the estuary. Vertical stratification was more pronounced 
in the deeper channel-like middle and upper reaches. In the shallow lower reaches, 
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salinity gradients were weak probably as a result of better mixing. According to Newton 
(1996; cited in Kurup and Hamilton 2002), wind mixing is more effective in shallow 
areas with a large surface area. Similarly, Snow et al. (2000) recorded highly stratified 
conditions within the channel-like Gamtoos Estuary partly because of the limited 
influence of wind-mixing.   
Salinity stratification develops as a result of the difference in density between the 
inflowing fresh and saline water (Snow and Taljaard 2007). Stratification is a prominent 
feature particularly during the open mouth state. Longitudinal stratification typically 
develops when freshwater is introduced into the upper reaches and seawater into the 
lower reaches resulting in salinity increases from the head to the mouth of the estuary 
(Snow and Taljaard 2007). Vertical stratification on the other hand develops when the 
low-density freshwater flows across the more dense saline bottom water, rather than 
mixing it. During the closed state, however, weak salinity stratification is expected due 
to low river inflow (Livingstone 2003; Harrison 2004; Snow and Taljaard 2007).  
Temperature 
Water temperature of TOCE’s in temperate regions generally reflects seasonal 
variations in atmospheric temperature. During the study, water temperature displayed a 
strong seasonal pattern, with winter temperatures significantly lower (~ 5 oC) than 
summer temperatures, consistent with findings by Snow and Taljaard (2007).  
Furthermore, in the Goukamma Estuary water temperatures were on average higher 
during the closed mouth state. This state mainly coincided with autumn and summer. 
Generally, seawater cannot significantly affect estuarine water temperatures during the 
closed mouth state as there is no direct connection between the estuary and sea, 
except during marked overtopping events (Snow and Taljaard 2007). The positive 
correlation with distance from the mouth confirmed that temperature during the closed 
mouth state was mainly influenced by that of the inflowing river water while low 
temperatures were associated with saline water in the lower reaches of the estuary. 
Open mouth states mainly coincided with winter and spring, resulting in much lower 
water temperatures due to inflowing seawater. In the Diep Estuary (Harrison 2004) and 
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Palmiet Estuary (CSIR 2000) during the open mouth state, water temperatures were 
similarly influenced by that of the inflowing seawater.  
pH 
The pH of estuarine water is typically influenced by that of the main inflowing water 
sources (Snow and Taljaard 2007). The pH of seawater generally ranges between pH 
7.9 and 8.2 (DWAF 1995) and that of the river depends primarily on geological 
characteristics of the catchment (DWAF 1996; Snow and Taljaard 2007). The 
Goukamma catchment consists primarily of Table Mountain quartzite and the pH of 
rivers originating from this geological group is typically low (~ 4) (Snow and Taljaard 
2007; DWA 2009). However, seawater provides a strong buffer against low pH levels 
and thus estuarine waters generally range between a pH of 7 – 8.5 (Snow and Taljaard 
2007). During the study, the pH range was 5 and 8.4. However, very low pH levels 
which ranged between 5.4 and 6.1 (~ 5.7 ± 0.02) were recorded throughout the estuary 
in June 2010, probably as a result of the high rainfall and consequent influence of 
catchment water. The pH gradient from the head to the mouth of the estuary is also 
indicative of the influence of inflowing river water from the catchment.  
Dissolved oxygen  
Dissolved oxygen concentrations displayed marked spatial and temporal variability 
throughout the study. Estuaries in temperate regions tend to display seasonal variability 
in DO concentrations. The solubility of oxygen in water typically increases as the 
temperature decreases (Franco et al. 2002; Secor and Niklitschek 2002), therefore, 
during winter months when temperatures are low, high DO concentrations are generally 
attained. Summer months are normally associated with low DO values when 
temperatures are high in addition to a decreased river inflow, increased water retention 
times and increased oxygen demands (Franco et al. 2002; Kurup and Hamilton 2002; 
Secor and Niklitschek 2002). The Goukamma Estuary displayed a seasonal pattern in 
DO concentrations during which higher values were recorded throughout the cooler 
winter months and lower values throughout the warmer summer months. However, 
open mouth states occurred more frequently during winter months than summer months 
therefore the higher DO concentrations recorded during winter months were partly 
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attributed to lower atmospheric temperatures as well as to the effects of flushing 
mechanisms in promoting the replenishment of estuarine water (Snow and Taljaard 
2007; Taljaard et al. 2009a) during the winter open mouth states.  
Implication of salinity stratification 
The water column during open mouth states is supposed to be well oxygenated due to 
the replenishment of water via tidal exchange and river inflow. During the semi-closed 
state and shortly after mouth closure, a pronounced vertical stratification occurs (Snow 
and Taljaard 2007). In time, stratification can disappear and the entire water column can 
become oxygenated via the entrainment of freshwater into the more saline bottom 
water; however, this is dependent on the degree of vertical stratification and the amount 
of organic material (Flemer and Champ 2006; Snow and Taljaard 2007; Bilotta and 
Braziera 2008). During the closed state, the water column is, according to the 
conceptual model (Snow and Taljaard 2007), supposed to be homogenous in terms of 
salinity (no stratification) as wind-mixing would maintain aerated conditions throughout 
the estuary. In highly stratified conditions, haloclines effectively prevent the entrainment 
of oxygenated fresh surface water into the more saline bottom water and typically 
results in bottom water hypoxia (Diaz 2002; Franco et al. 2002; Kurup and Hamilton 
2002; Barton and Sherwood 2004; Snow and Taljaard 2007; Becker et al. 2009). In the 
current study of the Goukamma Estuary, DO concentrations represented a marked 
vertical stratification during both mouth states with surface layers significantly more 
oxygenated than bottom layers (p < 0.05). Hypoxic conditions, and occasionally anoxia, 
were also recorded during both mouth states when vertical stratification was a 
prominent feature.  
Furthermore, longitudinal gradients in DO concentrations are indicative of better mixing 
in the shallower head waters. This reduces towards the mouth and with depth, as 
stratification effectively prevents oxygenation of the bottom layers in the deeper middle 
and upper reaches of the estuary during both mouth states. Bottom water hypoxia is in 
fact a common feature of channel-like microtidal estuaries as the influence of the main 
mixing forces (wind and tidal action), are limited (Franco et al. 2002; Kurup and 
Hamilton 2002; Barton and Sherwood 2004; Snow and Taljaard 2007). This 
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phenomenon was also found in the Great Brak Estuary where limited tidal influence and 
strong vertical stratification during the open-mouth phase prevented sufficient exchange 
of surface and bottom waters, especially in the deeper middle and upper reaches, which 
lead to frequent occurrence of hypoxic and anoxic conditions (CSIR 2008; Snow and 
Taljaard 2007). Similarly, deep water anoxia frequently occurs in the permanently open 
Swan River Estuary (Hamilton et al. 2001), the ICOLL Surrey Estuary (Becker et al. 
2009) and other seasonally closed systems along the western coast of Victoria and is 
generally associated with vertical stratification and extended periods of mouth closure 
(Barton and Sherwood 2004). 
Furthermore, DO concentrations in the Goukamma Estuary showed neither a significant 
difference between mouth states nor between the first semester of the study period 
when salinities were relatively higher (~ 15.9 ppt) compared to the second half when 
fresher conditions prevailed (~ 3.8 ppt). During the study, hypoxic conditions in the 
surface layer were recorded 10.8 % of the time during the open mouth state. These 
occurred in June 2010 at the same depth as the halocline, at 0.5 m. During this month, 
the mouth opened for the first time during the study following heavy rains (75 mm) two 
weeks prior to sampling. At this time, sub-surface salinity of Sites 4 – 7 was fresh (< 4 
ppt) with DO concentrations greater than 8 mg l-1 while below the halocline, the water 
column was completely hypoxic. This is indicative of the fact that the heavy rainfall 
event was sufficient to rapidly breach the mouth, allowing the freshwater to flow over the 
denser saline water and into the sea without proper mixing, and runoff from the 75 mm 
rainfall event was insufficient for proper flushing. A similar effect is displayed in the 
highly stratified south-west Victorian estuaries in which deep water hypoxia commonly 
occurs. During this time, these estuaries are at particular risk as most estuarine biota 
require DO concentrations greater than 5 mg l-1 to survive while lower concentrations 
could lead to mass mortality (Barton and Sherwood 2004). Becker et al. (2009) also 
recorded this “shearing-effect” in the Surrey Estuary, and DO concentrations only began 
to increase following intrusion of marine water.  
The high DO concentrations in the lower reaches were mainly attributed to oxygenation 
via wind and tidal exchange in the absence of vertical stratification. Therefore, 
throughout the study, DO concentrations were mainly a function of the degree of 
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stratification and the rate of oxygen depletion of the bottom layer (i.e. water 
replenishment) as opposed to magnitude of river inflow except during flooding events. 
Implications of organic material loading 
Throughout the study, the Goukamma River provided a constant flow into the estuary 
which greatly contributed to the marked vertical stratification in the deeper middle and 
upper reaches of the estuary. In the current study, the significant increase in microalgal 
biomass with distance from the mouth could be attributed to vertical stratification and 
higher retention times in the deeper reaches, consistent with previous findings (Snow 
and Taljaard 2007; Costa et al. 2009; DWA 2009). Moreover, hypoxic and saline 
conditions cause a release of nutrients (typically phosphorus and ammonium) (Taljaard 
et al. 2009a, b) which may have also contributed to an increased microalgal biomass in 
the middle and upper reaches of the estuary. 
Furthermore, sediment analyses confirmed that the organic content of sediment in the 
middle and upper reaches of the estuary was significantly higher than in the lower 
reaches. This is typical because scouring / flushing is limited in the middle and upper 
reaches, except during floods, and this results in a build-up of benthic organic matter 
(Tajlaard et al. 2009a) and consequently, a high oxygen demand (Kurup and Hamilton 
2002; Vassilopoulou et al. 2002). The concentrations of TSS indicated that organic 
content of the middle and upper reaches constituted primarily microalgae and that of the 
sediment. Similar conditions were recorded in the Palmiet Estuary (CSIR 2002) during 
which there was bottom water hypoxia and at certain sites, anoxia, developed in 
response to increased retention times during the dry season, but these conditions were 
exacerbated by the large oxygen demand which resulted from the decomposition of 
organic material, primarily kelp and the macroalgae Cladophora spp.  
The Goukamma River is classified as a blackwater system which naturally (unimpacted) 
would reside in a nutrient-poor (oligotrophic) state (DWA 2009), similar to the adjacent 
ocean (except during upwelling spells) (Van Ballegooyen et al. 2007). In addition, 
blackwater systems also have very low concentrations of suspended sediment and the 
channels mainly comprise coarse-grained sediment particles which typically have a low 
adsorption capacity (Bilotta and Braziera 2008; DWA 2009). Microalgae and organic 
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material loads in the estuary would therefore be limited (DWA 2009). The high carbon 
load and, consequently, hypoxic conditions of the middle and upper reaches in the 
current study as a result of the contribution of microalgae and sediment organic content 
are thus contrary to previous findings.  
Turbidity and Total Suspended Solids 
In the current study, concentrations of TSS were low, ranging between 83 – 478 µg l-1 
during the open mouth state and 83 – 318 µg l-1 during the closed mouth state. 
However, transparency showed a significant negative correlation with distance from 
mouth, suggesting that factors other than TSS influenced turbidity of the water column. 
This premise is consistent with findings from previous studies. It has been shown that 
turbidity of the water column is not only affected by the amount of suspended solids 
(SS; inorganic and organic), but also by the concentration of dissolved humic 
substances and the abundance of pelagic phytoplankton (Bilotta and Braziera 2008). 
Rivers of blackwater systems are naturally low in SS, including organic and inorganic 
particles (Vassilopoulou et al. 2002; DWA 2009). Consequently, very little SS enters 
blackwater estuaries, including the Goukamma Estuary (DWA 2009). However, 
blackwater systems typically have a high concentration of dissolved humic substances 
(lending the black colouration to the water) which does affect light penetration (CSIR 
2000; Bilotta and Braziera 2008). Therefore, a high turbidity reading can be recorded in 
the absence of a high concentration of SS (Bilotta and Braziera 2008).  
The depth of the water column also influences the degree of light penetration 
(transparency) (Harrison 2004; Snow and Taljaard 2007). In very shallow areas, the 
Secchi depth would constitute 100 % of the total depth as opposed to deeper areas 
where light becomes limiting and exacerbated by the black colour of the water. In the 
Goukamma Estuary, there was a significant difference between Secchi depth and 
mouth states; greater depths were obtained during the closed mouth state. This, 
however, is primarily attributed to the higher water levels that were recorded during the 
closed mouth state which allowed for the Secchi disc to be lowered further down into 
the water column and thus attain greater depths. Most importantly, however, there was 
a significant negative correlation between water transparency (Secchi depth in relation 
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to the actual site depth) and distance from mouth. This indicates that, irrespective of the 
site depth and mouth state, transparency decreased (turbidity increased) from the lower 
reaches towards the middle and upper reaches of the estuary. This increase in turbidity 
can therefore not only be attributed to the channel depth and blackwater nature of the 
estuary. According to Bilotta and Braziera (2008), the biomass of pelagic phytoplankton 
can effectively limit light penetration and thus influence turbidity values of the water 
column (e.g. Snow et al. 2000; Hall et al. 2008; McQuatters-Gollop et al. 2009). In the 
Goukamma Estuary, transparency was significantly negatively correlated with 
phytoplankton biomass which attained a greater biomass in the middle and upper 
reaches of the estuary (p < 0.05). Thus the microalgal cells significantly contributed to a 
decrease in transparency in these reaches.  
Spatial and temporal patterns in nutrient concentrations and phytoplankton biomass  
Inorganic nutrients in estuaries are mainly derived from external sources (allocthonous), 
principally from the catchment via river inflow and from the adjacent ocean which, in the 
Goukamma River (DWA 2009) and ocean (Van Ballegooyen et al. 2007), are low in 
concentration. According to DWA (2009), the water quality of the Goukamma Estuary is 
expected to be good with relatively low nutrient concentrations that would limit 
microalgal growth; the present study however showed the contrary.  
During the open mouth state, nutrient concentrations are proposed to range between 10 
– 200 µg l-1 for DIN while concentrations of less than 50 µg l-1 is associated with river 
inflow, typically of oligotrophic blackwater systems (under reference condition). 
Concentrations of DIP are expected to be less than 10 µgl-1. In addition, upwelling 
events can introduce elevated nutrient concentrations into the estuary. During the 
closed mouth state, nutrient concentrations are expected to be very low (DWA 2009). 
However, farming activities in the catchment are expected to elevate nutrient levels 
(especially DIN) in the water entering the estuary (DWA 2009) as studies conducted in 
February (2008) and June (1994) found slight peaks in DIN concentrations in the middle 
reaches of the estuary. This was mainly attributed to the seepage of nutrients from 
agricultural lands along the banks of the estuary (DWA 2009).  
- 89 - 
 
It was hypothesized that nutrient concentrations throughout the study period would 
range within the abovementioned limits; however, results suggest otherwise as 
significantly higher concentrations were recorded throughout the study. During the open 
mouth state, DIN concentrations ranged between 20 – 886 µg l-1 while DIP ranged 
between 2 – 150 µg l-1. During the closed mouth state, DIN concentrations ranged 
between 18 – 1866 µg l-1 and DIP ranged between 4 – 245 µg l-1. The concentration of 
DIN in the inflowing river water ranged between 37 – 823 µg l-1 (~ 277 µg l-1) during the 
open mouth state and 18 – 554 µg l-1 (~ 228 µg l-1) during the closed state. These 
results mean that DIN concentrations during the open state ranged between oligotrophic 
to mesotrophic conditions while during the closed mouth state, DIN concentrations 
represented mesotrophic conditions. For DIP concentrations, both mouth states 
represented mesotrophic to eutrophic conditions (DWAF 1996). Total nutrients in the 
present study therefore indicate that the Goukamma Estuary was predominantly in a 
mesotrophic state.  
Furthermore, agricultural activities (cattle farms) constituted approximately 50 % of the 
land-use in the direct vicinity of the Goukamma Estuary, mainly in the middle and upper 
reaches. In addition, the riparian buffer zone has been reduced and most farmlands 
extend to edge of the estuary channel (Figure E.1). Nutrients would therefore likely seep 
into the estuary mainly in a diffuse manner (Brennan and Culverwell 2004). According to 
De Villiers and Thiart (2007), diffuse sources produce nutrient peaks coincident with 
runoff patterns. In the Goukamma Estuary, higher nutrient concentrations were 
expected during high flow events associated with open mouth states (DWA 2009). 
During the study, nutrient peaks were recorded at the River Site (TOxN), Site 7 (SRP) 
and Site 5 (TOxN, NH4
+) during the open mouth state. During the closed mouth state, 
nutrient peaks were recorded in upper and middle reaches of the estuary at Site 7 
(NH4
+), Site 6 (SRP), Site 5 (TOxN) and Site 4 (SRP, NH4
+).  
At Site 6 (7.1 km), in particular, nutrient peaks were recorded during both mouth states. 
This site represented the lowest average DO concentration (p < 0.05), the highest 
phytoplankton biomass (p < 0.05) and sediment organic content (p < 0.05) throughout 
the study (during both open and closed mouth states) as a result of inputs from a point-
source which entered the estuary from the adjacent farmland in the floodplain (Figure 
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E.2). This resulted in an elevated nutrient supply and biological activity as discharges 
from agricultural lands are typically high in DIN and DIP (Correll 2002; Heilser et al. 
2008; DWA 2009; Garofalo 2009). According to Correll (2002), the probability of hypoxia 
is the strongest in regions where slight or no nutrient limitations occur, as have been 
recorded at this site which represented the lowest DO concentration and a constant 
nutrient supply. 
Furthermore, nutrient concentrations recorded at the Sea Site were higher during the 
open mouth state than during the closed state, indicating that out-flowing estuarine 
water (outwelling) significantly elevated nutrient concentrations in the near-shore marine 
zone during the open state. According to Whitfield et al. (2008), the outflow of nutrient-
rich estuarine water tends to promote phytoplankton growth in the near-shore marine 
environment. Conversely, DIP concentrations were introduced into the estuary during 
the open mouth state as indicated by the decrease in concentrations from the Sea Site 
to the middle reaches of the estuary.  
Moreover, the concentration of DIN and DIP recorded in the water column partly reflects 
the rate of uptake by primary producers (Correll 2002; Thomas et al. 2005; Snow and 
Taljaard 2007). A low nutrient concentration could indicate rapid uptake by primary 
producers or depletion of a particular nutrient which limits primary production. 
Nevertheless, the grand effect of nutrients in estuaries are mainly influenced by flushing 
mechanisms and water retention times which are regulated by the magnitude of river 
inflow (Cloern 2001; Scharler and Baird 2003; Jickells 2005; Costa et al. 2009; Taljaard 
et al. 2009a). During the open mouth state, nutrients tend to attain greater 
concentrations due to the input from both river and seawater; however, shorter retention 
times associated with this mouth state disfavour the growth of microalgae and the 
biomass is typically low. During the closed state, nutrient concentrations are lower in 
response to decreased runoff and exclusion of marine input; however, longer retention 
times favour the growth of microalgae and therefore attain a greater biomass (Snow and 
Taljaard 2007). This has been documented in various studies (e.g. Adams and Bate 
1999; Froneman 2002; Perissinotto et al. 2003; Anandraj et al. 2008), including the 
Goukamma Estuary. During the open mouth state, phytoplankton biomass was low      
(~ 7.7 µg l-1) when nutrient concentrations were high as opposed to the closed mouth 
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state during which the phytoplankton biomass was greater (~ 21.1 µg l-1) and nutrient 
concentrations were lower. In the current study, it was hypothesized that phytoplankton 
biomass in the estuary would be low (< 1.0 μg l-1) while a greater biomass (> 10 µg l-1) 
was expected for high flow conditions (open mouth states). During the study period, the 
phytoplankton biomass ranged between 0.3 – 112 µg l-1 (~ 7.7 ± 1.3 µg l-1; n = 128) 
during the open mouth state (associated with high flows) and 0.8 – 289 µg l-1 (~ 21.1 ± 
4.4 µg l-1; n = 80) during the closed mouth state (associated with low flows). Data 
indicated that significantly higher amounts were recorded in the estuary and therefore 
the hypothesis was rejected.   
Microalgal blooms indicate the input of excessive amounts of nutrients (Nixon 1995; 
Cloern 2001; Webster and Harris 2004; Snow and Taljaard 2007; Heisler et al. 2008). 
Throughout the study period, blooms (chlorophyll a > 20 µg l-1) were recorded within the 
surface and bottom layers during both open (n = 14) and closed mouth states (n = 16). 
Prolific algal growth during the open mouth state was mainly recorded in the middle and 
upper reaches of the estuary. During the closed mouth state, however, microalgal peaks 
mainly consisted of blooms which were recorded in the River Site and throughout most 
of the estuary, excluding only the very lower reaches. Salinity gradients partly regulate 
the spatial patterns of phytoplankton biomass and community composition (Quinlan and 
Phlips 2006; Bouvy et al. 2010). Seawater is associated with lower nutrient 
concentrations as opposed to freshwater inflow (Jickells 2005; Snow and Taljaard 
2007). Therefore, phytoplankton biomass is expected to increase with distance from 
mouth in response to elevated nutrient concentrations associated with freshwater inflow 
(Jickells 2005). However, the Goukamma River provided a sustained flow throughout 
the year which contributed to marked salinity stratification within the middle and upper 
reaches of the estuary during both mouth states. Stratification tends to favour the 
formation of blooms by retaining phytoplankton inside the estuary (Hilmer 1990; Cloern 
2001). A sustained river flow is also likely to provide a continuous supply of nutrients to 
the estuary and maintain a certain level of pelagic primary production (Jickells 2005; 
Snow and Taljaard 2007). Thus, seepage from agricultural lands and elevated nutrient 
concentrations recorded in the Goukamma River would therefore have been mainly 
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responsible for elevating the level at which primary production was maintained in the 
estuary.  
Phytoplankton community composition 
According to DWA (2009), the phytoplankton community composition of the Goukamma 
Estuary is likely to be dominated by small flagellates and diatoms. Chlorophyte cells and 
freshwater diatoms are expected in the upper reaches of the estuary in response to 
river inflow. However, no data were available to support these predictions, hence the 
study. Furthermore, dinoflagellates would be favoured during the open mouth state 
when vertical stratification is a prominent feature in the middle reaches of the estuary 
(Hilmer and Bate 1991). Results of the current study corroborate this. During the study, 
the community composition was dominated by blue green algae and flagellates during 
the open mouth state while during the closed mouth state, flagellates and diatoms were 
dominant. As expected, flagellates were highly abundant throughout both open and 
closed mouth states. The negative correlation of diatoms with distance from the mouth 
(p < 0.05) suggests that river inflow had an insignificant influence on the import of 
diatoms into the upper reaches of the estuary. 
Vertical stratification favours the formation of blooms (Hilmer 1990; Hilmer and Bate 
1991). Flagellates have propelling devices (flagellae) which enable them to migrate 
vertically between the different water masses (Dawes 1981; Hall and Paerl 2011). This 
largely prevents the species from being flushed out to sea during open mouth states 
when physical conditions are less favourable (Hall and Paerl 2011). Stratification in the 
Goukamma Estuary was a prominent feature throughout the study. This evidently 
favoured the growth of flagellates and was also mainly responsible for the formation of 
phytoplankton blooms.   
Moreover, salinity gradients and nutrient concentrations are key factors regulating the 
phytoplankton community composition and distribution while water retention times 
determine the utilization of nutrients by phytoplankton (Paerl et al. 2006; Costa et al. 
2009; Bouvy et al. 2010; Domingues et al. 2011). Throughout the study, dinoflagellates 
predominantly occurred in the saline bottom water of the stratified middle and upper 
reaches of the estuary where retention times were also longer. Blue green algae 
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attained high cell concentrations especially in the upper reaches of the estuary and 
indicated that there are nutrient inputs into the system, probably from the point source 
identified. According to Garofalo (2009), blue green algae indicate high nutrient 
concentrations in freshwater conditions. Thus, their occurrence confirms nutrient 
enrichment in these reaches of the estuary, especially during the open mouth state 
when high flows introduce elevated nutrient concentrations.  
7. CONCLUSION AND RECOMMENDATIONS 
Throughout the study, physico-chemical characteristics were spatially and temporally 
variable; however, values were within values described for warm temperate TOCE’s. 
Salinity stratification and low DO concentrations were especially prominent features 
during both open and closed mouth states. Throughout the study period, the estuary 
resided predominantly in an open mouth state which allowed for sufficient tidal 
exchange, and as a result of river inflow, resulted in longitudinal and vertical salinity 
stratification (even during the closed mouth state). The study showed that vertical 
stratification effectively limited oxygenation of the water column below the halocline and 
partly contributed to the formation of bottom water hypoxia and anoxia in the middle and 
upper reaches of the estuary.  
The intrinsic low nutrient concentration of this blackwater estuary would have limited 
microalgae. Contrary to previous findings, however, nutrient concentrations during this 
study were significantly elevated, being mesotrophic to eutrophic, which coincided with 
prolific microalgal growth and high biomass. Nutrient concentrations were especially 
high in the middle and upper reaches of the estuary. This was mainly attributed to 
seepage from farmlands in the floodplain of these reaches and exacerbated by the 
severe reduction (~ 50 %) of the riparian buffer zone. The predominance of blue green 
algae in the upper reaches of the estuary confirms the input of excessive nutrient 
concentrations. Therefore, in response to favourable nutritional and hydrological 
conditions, phytoplankton attained significantly higher biomass in these reaches than 
expected. Elevated nutrient inputs coincided with a high oxygen demand which, in 
addition to natural salinity stratification, resulted in bottom water hypoxia.  
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For the study, it was hypothesized that surface waters in the estuary would be well 
oxygenated (> 4 mg l-1) during all mouth states while during periods of marked vertical 
stratification and long retention times, the deeper bottom waters (> 1 m) in the upper 
estuary may become hypoxic, particularly during the closed mouth state. This 
hypothesis is accepted as, firstly, surface water was well oxygenated during both mouth 
states while, secondly, bottom water hypoxia mostly occurred during the closed mouth 
state (60 % of the time) and to a lesser extent during the open state (48 %), particularly 
in the deeper middle and upper reaches of the estuary, as opposed to only the upper 
reaches. Nutrient concentrations were hypothesized to range below 50 µg l-1 (DIN) and 
10 µg l-1 (DIP) during both mouth states; however this hypothesis is rejected as 
significantly elevated concentrations were recorded. Lastly, it was hypothesized that 
microalgal biomass would be greater than 10 µg l-1 and less than 1 µg l-1 for the open 
and closed mouth states, respectively. In this study, microalgal biomass was 
significantly higher and thus the hypothesis was rejected. In addition, microalgal 
biomass was significantly higher during the closed mouth state compared with the open 
mouth state. 
In an environmental water requirement study conducted in 2008, the ecological status of 
the Goukamma Estuary was classified as natural with a few modifications. It was, 
however, expected that farming activities would elevate nutrient concentrations. 
However, water quality characteristics (with reference to oxygen, nutrient concentrations 
and microalgal biomass) of the middle and upper reaches place the entire estuary under 
threat of degradation. The implementation of mitigation measures in conjunction with a 
sound monitoring programme are strongly recommended to alleviate threats currently 
facing the estuary.  
Monitoring recommendations 
During this study, key processes were identified by quantifying salinity, dissolved 
oxygen and nutrient (DIN and DIP) concentrations. In addition, biological indicators 
responded well and proved to be an accurate indicator of the abiotic conditions. During 
the study period, phytoplankton biomass and community composition aided the 
identification of important nutrient sources and environmental conditions. Considering 
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possible time, budget and labour constraints it is recommended that the following 
parameters are monitored in a consistent manner and at the same sampling sites that 
were used during this study: 
 monthly salinity and oxygen; and 
 seasonal nutrient concentration and microalgal biomass during all mouth states 
In addition, the flow meter at the head of the estuary should be re-installed in order to 
correlate spatial and temporal variability with hydrodynamic characteristics of the 
estuary. Daily mouth state records should be continued. It is furthermore recommended 
that an adequate riparian buffer zone be re-established in the middle and upper reaches 
of the estuary to intercept run-off from the agricultural lands. Riparian buffers provide a 
variety of ecological functions and have been well documented to improve water quality 
and reduce nutrient input in an efficient and cost-effective manner (Brennan and 
Culverwell 2004). Moreover, a ground survey should be conducted to identify other 
possible point sources. Artificial wetlands should be established at these sites to aid in 
nutrient retention and contribute to an improved water quality of the Goukamma 
Estuary. Results from this study were presented at a CapeNature regional meeting in 
December 2011. 
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9. APPENDICES 
Appendix A: Land-use in the vicinity of the Goukamma Estuary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
Figure A.1. Land use in the vicinity of the Goukamma Estuary mainly consists of forestry 
plantations (Pinus and Eucalyptus spp.) and cattle farming interspersed with pockets of 
indigenous vegetation (Source: Google Earth 2011) 
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Figure A.2 The lower reaches of the Goukamma Estuary are wide and relatively 
shallower than the middle and upper reaches of the estuary with banks consisting 
mainly of indigenous vegetation (Photos by Tanja Kaselowski (25/04/2011)  
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Figure A.3. The middle and upper reaches of the Goukamma Estuary are narrow, 
channel-like and deeper than the lower reaches and cattle farming comprise the main 
land use in the vicinity (floodplain) of the estuary (Photos by Tanja Kaselowski 
06/02/2010)  
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Appendix B: Ecological scores assigned to the Goukamma Estuary which 
determine the current status of the estuary. 
Table B.1. Scores allocated to the abiotic and biotic components of the Goukamma 
Estuary (DWA 2009) 
Variable Weight Score Weighted score 
Hydrology 25 91 23 
Hydrodynamics and mouth condition 25 84 21 
Water quality 25 86 22 
Physical habitat alteration 25 90 23 
Habitat health score 
  
88 
Microalgae 20 17 17 
Macrophytes 20 17 17 
Invertebrates 20 18 18 
Fish 20 18 18 
Birds 20 18 18 
Biotic health score 
 
89 89 
Estuarine Health score     88 
 
Table B.2. The Estuarine Importance scores (EIS) of the Goukamma Estuary (DWA 
2009) 
Criterion Weight Score Weighted score 
Size 15 70 11 
Zonal type rarity 10 10 1 
Habitat diversity 25 40 10 
Biodiversity 
importance 25 83 21 
Functional importance 25 60 15 
Estuarine Importance score 57 
 
Table B.3. Descriptions of Estuarine Importance scores. The Goukamma Estuary is 
categorized as “low to average importance” (DWA 2009) 
Importance Score Description 
81 - 100 Highly important 
61 - 80 Important 
0 - 60 Low to average importance 
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Appendix C: Abiotic mouth states of the Goukamma Estuary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.1. The Goukamma Estuary mouth shifted locations throughout the study 
mainly in response to the height of the berm and magnitude of river inflow (a) and at 
times breached at different places due to the constricted nature of the inlet and high 
water levels inside the estuary (b) (Photos by Keith Spencer [4/01/2011] and Tanja 
Kaselowski [24/01/2011]) 
Constricted mouth 
Original breaching 
location 
Mouth 1 
Mouth 2 
a) 
b) 
- 115 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.2. The Goukamma Estuary residing in a closed mouth state (a) and 
overtopping of seawater at the berm (b) during this state (Photos by Tanja Kaselowski 
23/09/2010; 24/02/2011) 
a) 
b) 
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Appendix D: Statistical correlation tables 
 
Table D.1. Pearson’s correlation coefficients (r) between physico-chemical parameters 
during the open mouth state (n = 303). Significant results are indicated in bold 
Variable 
Distance 
from mouth 
Depth Salinity  Temperature pH 
Dissolved 
oxygen 
Distance from mouth 
 
0.081 -0.031 -0.023 -0.247 -0.196 
Depth 0.081 
 
0.398 0.162 -0.074 -0.584 
Salinity -0.031 0.398 
 
-0.245 -0.080 -0.519 
Temperature -0.023 0.162 -0.245 
 
0.019 -0.120 
pH -0.247 -0.074 -0.080 0.019 
 
0.134 
Dissolved oxygen -0.196 -0.584 -0.519 -0.120 0.134   
  
Table D.2. Pearson’s correlation coefficients (r) between physico-chemical parameters 
during the closed mouth state (n = 303). Significant results are indicated in bold 
Variable 
Distance 
from mouth 
Depth Salinity  Temperature pH 
Dissolved 
oxygen 
Distance from mouth 
 
0.080 -0.040 0.212 -0.229 -0.338 
Depth 0.080 
 
0.444 -0.088 -0.126 -0.796 
Salinity -0.040 0.444 
 
-0.596 -0.530 -0.253 
Temperature 0.212 -0.088 -0.596 
 
0.744 -0.236 
pH -0.229 -0.126 -0.530 0.744 
 
0.016 
Dissolved oxygen -0.338 -0.796 -0.253 -0.236 0.016   
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Table D.3. Pearson’s correlation coefficients (r) between physico-chemical parameters, 
nutrients and phytoplankton biomass (chlorophyll a) during the open mouth state (n = 
112). Significant results are indicated in bold 
 
 
Table D.4. Pearson’s correlation coefficients (r) between physico-chemical parameters, 
nutrients and phytoplankton biomass (chlorophyll a) during the closed mouth state (n = 
112). Significant results are indicated in bold 
Variable 
Distance 
from 
mouth 
Salinity  Temperature pH 
Dissolved 
oxygen 
SRP TOxN NH4 chl.a 
Distance 
from mouth  
-0.093 0.202 -0.273 -0.313 0.216 0.032 0.167 0.310 
Salinity -0.093 
 
-0.647 -0.511 -0.088 -0.036 -0.218 0.426 0.143 
Temperature 0.202 -0.647 
 
0.736 -0.307 0.023 -0.057 -0.264 -0.085 
pH -0.273 -0.511 0.736 
 
-0.067 0.007 -0.094 -0.333 -0.305 
Dissolved 
oxygen 
-0.313 -0.088 -0.307 -0.067 
 
-0.389 -0.170 -0.129 -0.163 
SRP 0.216 -0.036 0.023 0.007 -0.389 
 
0.576 0.397 0.433 
TOxN 0.032 -0.218 -0.057 -0.094 -0.170 0.576 
 
-0.125 0.053 
NH4 0.167 0.426 -0.264 -0.333 -0.129 0.397 -0.125  
0.646 
chl.a 0.310 0.143 -0.085 -0.305 -0.163 0.433 0.053 0.646   
 
Variable 
Distance 
from 
mouth 
Salinity  Temperature pH 
Dissolved 
oxygen 
SRP TOxN NH4 chl.a 
Distance 
from mouth  
-0.048 0.039 -0.196 -0.326 0.352 -0.029 0.273 0.206 
Salinity -0.048 
 
-0.189 -0.150 -0.476 -0.047 -0.328 0.095 0.030 
Temperature 0.039 -0.189 
 
0.012 -0.178 -0.160 -0.383 -0.176 0.180 
pH -0.196 -0.150 0.012 
 
0.221 0.024 0.147 -0.147 0.131 
Dissolved 
oxygen 
-0.326 -0.476 -0.178 0.221 
 
-0.358 0.333 -0.557 -0.042 
SRP 0.352 -0.047 -0.160 0.024 -0.358 
 
0.159 0.385 0.005 
TOxN -0.029 -0.328 -0.383 0.147 0.333 0.159 
 
-0.063 -0.296 
NH4 0.273 0.095 -0.176 -0.147 -0.557 0.385 -0.063  
-0.116 
chl.a 0.206 0.030 0.180 0.131 -0.042 0.005 -0.296 -0.116   
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Appendix E:  The middle and upper reaches of the Goukamma Estuary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure E.1. Farmlands in the middle and upper reaches of the estuary largely extend to 
the edge of the channel, resulting in a reduction of riparian vegetation limited to a few 
scattered pockets (Source: Google Earth 2011) 
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Figure E.2. Location of point-source discharge (indicated by dashed line) from adjacent 
farmland situated in the floodplain of the estuary contributing to the input of nutrient-rich 
water. Sampling site 6 (S6; 7.1 km from the mouth) is indicated on the map (Source: 
Google Earth 2011). 
 
 
 
S6 
